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To my grandmothers
ODE TO THE LASER
Tiger, tiger, burning- bright 
In the forests of th e -night,
W-ha t immortal hand or eye 
Could frame thy fearful symmetry?
In w hat-distant deeps or skies 
Burnt the fire of thine eyes?
On what wings dare he aspire? 
W-hat the hand dare-soizc the fire?
Laser, laser, burning bright 
In  the tunnels o f lab mine,
What meticulous hand or eye 
Could tune you to a heart’s delight?
In what distant cavs or tubes 
Burnt the fire o f thine ions?
On what coupler dare he aspire? 
What f ib ’ optics dare seize the fire?
Faraz Mehdi (with apologies to William Blake)
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University of New Hampshire, December, 2012 
Advisor: Joseph C. Klewicki
The combined roughness-Reynolds number problem is explored from the perspec­
tive of ordering of term s in the the mean momentum balance. Existing mean velocity 
and Reynolds shear stress data from zero pressure gradient, rough-wall turbulent 
boundary layers are used to clarify the nature of the leading order balances across 
the boundary layer. These existing da ta  are augmented by data from a judiciously 
chosen set of experiments performed at the University of New Hampshire. These low 
speed, Laser Doppler velocimetry based experiments were performed over three types 
of roughnesses. Their purpose is to clarify the trends found in the existing data sets.
By estimating the terms in the un-integrated form of the mean momentum equa­
tion (the appropriate mean statem ent of dynamics), the operative time-averaged bal­
ance of forces is revealed. Contrary to the prevalent belief, it is revealed th a t the 
mean viscous force retains dominant order, above (often well-above) the roughness 
crests.
Force balance da ta  are shown to be usefully organized relative to a  new interme­
diate length scale th a t defines the region from the wall to the point where the leading 
order mean dynamics are described by a balance between mean advection and the 
mean effect of turbulent inertia. For a smooth-wall case, this point occurs a little after 
the peak position of Reynolds shear stress and is a function of Reynolds number. In 
rough-wall flows, the data indicate th a t it is not only a  function of roughness and the
xx
overall scale separation between the inner and outer scales, but also of the scale sep­
aration between roughness and the Reynolds stress peak. These results suggest th a t 
for any given roughness, with increasing Reynolds number, new dynamical regimes 
are likely to emerge.
For the existing and recent experiments explored in the present effort, under an 
intermediate length scale, three regimes emerge th a t describe the transition to iner- 
tially dominated mean flow. These regimes, defined by the ratio of roughness to the 
Reynolds stress peak position being less than, equal to or greater than order 1, exhibit 
a Reynolds number invariance. An empirical normalization of this intermediate scale, 
based on the scale separations between roughness and Reynolds stress peak, results 
in a solitary length scale th a t effectively provides a surrogate for the peak position. 
The normalization of the peak Reynolds stress position by this semi-empirical scale, 
results in the merging of all the data covered in this study.
xxi
CHAPTER 1 
INTRODUCTION & PREVIOUS RESULTS
1.1 Motivation
In order to set the background and clarify the motivation for this work, three basic 
questions may be asked - what are rough-wall turbulent boundary layer flows (hence­
forth, referred to as rough-wall flows); why do we study them; and how do we classify 
them? It is not trivial to decouple these questions from each other and in order to
t
answer one, an understanding of the other two is often required.
Let us start with a simpler question - what are boundary layer flows? W ithout 
going into a rigorous definition, we can say th a t boundary layers are observed when­
ever there is a flow of a  fluid over a solid surface. They stem  from the fact th a t next 
to a no-slip surface, a region always exists, where the dynamical effects of viscosity 
are directly manifested (Prandtl, 1904; Schlichting and Gersten, 2000). They exist as 
internal flows e.g., in pipes & channels, or as external flows e.g., around automobiles, 
turbines & buildings, and over the earth ’s surface. Applications include, but are not 
limited to, manufacturing, materials transport, power generation, atmospheric disper­
sion, sediment erosion and gas exchange at air-sea interface. As they are unavoidable 
and/or play significant roles in the transport of heat, mass and momentum for a  large 
number of scientific as well as engineering processes (Klewicki, 2010; Marusic et al., 
2010), it is hardly surprising th a t they have been (and are being) studied extensively.
1
From a research aspect, it is imperative to  reduce a given problem to the simplest 
possible case. From the perspective of boundary layers, this translates to the surface 
geometry being flat & smooth and the flow1 being two-dimensional in the mean, non­
accelerating and uniform outside of the boundary layer. This configuration has been 
investigated extensively,‘see Kovasznay (1970); Sreenivasan (1989); Fernholz and Fin­
ley (1996); George and Castillo (1997); Sreenivasan and Sahay (1997); Zagarola and 
Smits (1998); Fife et al. (2005b); Klewicki et al. (2007) for more details. The next 
degree of complexity is achieved by relaxing one (or more) of the geometrical or flow 
parameters and in this study, the effect of surface roughness is investigated. Flows 
considered are still on a flat plate (in the sense th a t roughness elements are laid out 
on a flat surface) and nominally zero pressure gradient. Essentially, the simplest form 
of a  rough-wall flow is studied in order to make a direct comparison to  an analogous 
smooth-wall case.
The motivation behind this study is the realization th a t boundary layer flows 
over rough surfaces are much more likely to be found in actual applications. This 
is especially true a t high Reynolds numbers. Some plausible examples are fouled 
pipes, corroded and seaweed covered ship surfaces, chipped paints on cars and sev­
eral engineering surfaces th a t are never honed to a smooth finish to begin with. An 
understanding of rough-wall flows will result in better designs and flow control, with 
an aim to bring down the associated costs. It will also lead to  improved models for 
computational fluid dynamics (CFD) calculations th a t can be beneficial, for example, 
in studying the effects of long term roughness evolution2 on a  surface over a given 
time frame.
1 Laminar solution is known so the flow is assumed to be turbulent
2 Like biofouling on a ship
2
1.2 Characterization of Roughness
We have been talking about rough-wall flows but have not defined roughness yet. 
Every single surface has crests and valleys, on at least a microscopic level, so a  cri­
terion (or criteria) for roughness needs to be established. I t makes sense to  think of 
roughness as a perturbation to a smooth-wall flow. This makes its characterization 
difficult as the same roughness interacts differently with the  turbulence as the flow 
speed varies. An industrial grade, low grit number, sandpaper is more likely to alter 
the flow in a typical low-speed university wind-tunnel than over the salt flats in Utah. 
For a  fixed length, as the Reynolds number goes up, the boundary layer thins, which 
makes the surface topography more significant as the roughness length scales begin 
to compete with the smaller scales of turbulence. Roughness introduces more scales 
in the flow and from an engineering point of interest, alters its behaviors regarding 
heat transfer, drag coefficient and turbulent mixing.
Instead of being able to  study the flow separately and describe the roughness 
as an independent physical parameter(s), we have a  more complex situation of a 
combined roughness-Reynolds number problem to deal with. A secondary, but never­
theless formidable, issue is th a t roughness comes in different shapes and sizes, besides 
having a broad spectrum of distribution, ranging from completely random to well- 
ordered. Hence, analyzing different forms of roughness and their low order physical 
representation is non-trivial, and this complication makes even an approximate way 
of objectively comparing different roughness flows very desirable.
1.2.1 Roughness Function
The classical “law of the wall” (Millikan, 1938) in the overlap region (described in 
detail in chapter 2) for smooth-wall turbulent boundary layers is given by
3
/U+ = - \ n ( y +) + C  (1.1)
/ “C
where, U is the streamwise velocity; y  is the wall-normal distance3; «;(« 0.41) is the 
von Karman constant4; and C (& 5.0) is the smooth-wall log intercept. Different 
values of k and C  have been reported but they are within a small percentage of each 
other, and a t least traditionally are believed to  be universally constant a t sufficiently 
high Reynolds number 5+. The boundary layer thickness 5 is taken to be the distance 
from the wall where U is 0.99 times the freestream velocity U.«>, and the superscript 
denotes inner-normalization defined as
+ yuT TJ+ uy+ = — , u + = -  (1.2)u.
with uT (=  square-root of the ratio of wall shear stress and density, y /rw/p )  being 
the friction velocity; and v being the kinematic viscosity.
The effects of surface roughness are observed in the form of a nominally parallel, 
downward shift in the log law, A U+, see figure 1.1 for mean velocity profiles cor­
responding to smooth- and rough-wall zero pressure gradient boundary layer flows. 
This shift, referred to as the roughness function (Hama, 1954), can be physically a t­
tributed to the relative increase in the wallward flux of momentum th a t results from 
the increased drag of the rough surface. Thus, for rough-wall boundary layer flows, 
equation 1.1 assumes the form
3With origin at the wall







Figure 1.1: Inner-normalized mean velocity profiles for smooth- and rough-wall, zero 
pressure gradient, boundary layer flow. Smooth-wall data: O Klewicki and Falco 
(1990), □  DeGraaff and Eaton (2000). Rough-wall data: •  Connelly et al. (2006), ■  
Krogstad and Antonia (1999). All data  points are not plotted for clarity.
U+ = -  In(y+) + C  -  A U + (1.3)
K
Coles (1956) extended the ‘law of the wall’ to the ‘law of the wake’ by covering 
both the overlap and the outer regions of the flow. The corresponding expressions for 
equations 1.1 & 1.3 are
1 2TT
f / + =  - l n ( y + ) +  C +  —  w fa)  (1.4)K K
and
5
where, II is a flow dependent wake strength param eter, cj is the (supposedly) universal 
wake function subject to  normalization conditions w({0 , 1}) =  {0 , 2}, and 77 is the 
wall-normal distance normalized by the boundary layer thickness 5.
1.2.2 E q u iv a le n t S an d  G ra in  R o u g h n ess , ks
Nikuradse (1933) performed some of the first rough-wall experiments. These ex­
periments used pipes roughened by gluing densely packed uniform sand grains inside 
them. Most studies compare their rough surfaces to his sand grain roughness to 
provide a common ground, Ligrani and Moffat (1986); Krogstad and Antonia (1999); 
Connelly et al. (2006). This is done by determining what equivalent sand grain rough­
ness ks, would correspond to a prescribed roughness function. A relation between 
A U+ and is described by Ligrani and Moffat (1986) as
( 1.6 )
The value of g is given by
0
_ 1 n { k T / k X s )
) m (»;„/»;„)
■ K  < K ,'a
1
(1.7)
where k+s  is the roughness below which the flow is hydraulically smooth and k+R 
is the roughness above which it is fully rough. Ligrani and Moffat (1986) give these
values as 2.25 & 90 for sand grain type roughness and 15 & 55 roughness comprising 
of uniform spheres.
The range of transitional roughness5 is a function of both roughness geometry and 
roughness distribution (Jimenez, 2004; Flack and Schultz, 2010), bu t the following 
values may be considered to  be conservative estimates
•  hydraulically smooth for < 5
•  transitionally rough for 5 < k+ < 7 0
•  fully rough for k+ > 70
Being the ratio of ka and the inner length scale v /u T, k+ is a  measure of scale
separation between the two and basically the extent of these separations define the
above classification. Represented as a function of the A U + shift, ks is also a  length 
scale measure of roughness tha t is based on the apparent modification of the mean 
momentum distribution and through a measure of this net effect, provides a basis 
that-connects flows of different roughness. The advantage of using ks is th a t it acts as 
a “common currency” (Bradshaw, 2000) to investigate and compare different rough­
ness. It also reduces the number of length scales needed to parameterize roughness 
to unity, which is an attractive simplicity for purposes of turbulence modelling. On 
the downside, it is a surrogate length scale which is not directly related to the actual 
roughness topography.
There have been moderately successful attem pts in correlating the roughness func­
tion, and hence ks, to  physical roughness (Townsin and Dey, 1990; Flack and Schultz,
5Both limits but mainly the upper one.
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2010). In general, however, it caiinot be predicted w ithout first performing an ex­
periment on a given surface a t a  given Reynolds number (Grigson, 1992). This is 
an artefact of the roughness-Reynolds number problem being combined. The present 
study utilizes ks as it is the only recognized mode (known to  the authors) of analyzing 
different roughnesses, but with the clear recognition th a t this param eter only provides 
a partial characterization of the dynamical effect of any given roughness.
1.3 Effect of Surface Roughness on Flow Statistics
Townsend (1976) proposed th a t the interaction between a  large eddy and a small 
(viscous dominated) eddy occurs over several steps and hence the large-scale motion 
can be considered inviscid and hence independent of Reynolds number. This is known 
as the Townsend’s Reynolds number similarity hypothesis and has been interpreted 
by Perry and Abell (1977) as follows:
“All mean relative motions and energy-containing components of the tur­
bulent motions are independent of viscosity and surface roughness except 
in so far as these variables may affect the boundary conditions on the 
flow.”
This implies th a t at sufficiently high Reynolds numbers, and a  certain scaled distance 
from the surface, the rough-wall boundary layers lose direct sensitivity to the specific 
roughness. Beyond this distance, often taken to  be outside of the roughness sublayer 
(RSL), the average statistical structure essentially correlates with the mean wallward 
flux of momentum, thus exhibiting minimal dependence on the detailed properties 
of any given roughness and appearing similar to the smooth-wall boundary layers. 
The RSL (Raupach et al., 1991), is analogous to the smooth-wall viscous sublayer 
and is defined as the layer dynamically influenced by length scales associated with 
roughness elements, which makes the preceding two statem ents somewhat circular in
nature. From a practical standpoint, it is often considered to  be confined to a  region 
3-5 times the roughness height (Flack et al., 2007).
A primary empirical test for wall similarity involves plotting the inner-normalized 
form of the given statistic versus the outer-normalized wall distance, and looking for 
the existence of universal profile properties towards the outer region of the flow. The 
following subsections summarize the observations regarding similarity for mean flow 
and second order statistics.
o
1.3.1 Mean Flow
Similarity in smooth- and rough-wall flows forms the basis of determining the 
roughness function from the velocity profiles as reported by Clauser (1954) and Hama 
(1954). Turbulence structure in rough-wall flows has been investigated in terms of 
the similarity hypothesis by Perry and Li (1990) and Raupach et al. (1991). Shock- 
ling et al. (2006) has reported similarity in fully developed pipe flows and Krogstad 
et al. (2005) the same in a fully developed channel flow. In case of boundary layers, 
similarity in mean flow is supported by the experimental d a ta  of Ligrani and Moffat 
(1986); Flack et al. (2005); Connelly et al. (2006) and Kunkel and Marusic (2006).
There is also considerable opposition to the hypothesis. Krogstad et al. (1992) 
showed the differences in smooth and rough-wall mean velocity profiles when friction 
velocity and wake param eter are optimised to  fit a modified version of the the log- 
law. Tachie et al. (2000) observed the wake param eter to be correlated to  the surface 
roughness in shallow open channel flows. Bergstrom et al. (2002) showed th a t the 
defect profiles were independent of Reynolds number when normalized by the friction 
velocity uT bu t not when normalized by the freestream velocity U0Q. Akinlade et al. 
(2004) employed three different velocity scales to analyze the defect profile and al­
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though they were able to collapse the defect profiles on different surfaces, they still 
observed the effect of roughness in the outer region.
1.3.2 Higher Order Statistics
Similarity in inner-normalized Reynolds normal and shear stress profiles, when 
plotted against outer-normalized wall distance, is supported by the studies of Ligrani 
and Moffat (1986); Perry and Li (1990); Flack et al. (2005) and Kunkel and Maru- 
sic (2006). Priyadarshana and Klewicki (2004) reported th a t the effect of Reynolds 
number on Reynolds sheat stress (uv) (where (•) denotes tim e averaging) has greater 
influence on the flow than the effects of wall roughness outside the roughness sublayer. 
As expected though, there is even more disagreement in the observed second order 
velocity statistics.
Krogstad et al. (1992) reported similarity in streamwise Reynolds normal stress 
(u2)+ but found th a t the Reynolds shear stress (uv)+ and the wall-normal Reynolds 
normal stress (v2)+ show a moderate and substantial increase respectively, outside 
the roughness sublayer. Tachie et al. (2000) indicated higher turbulence values for 
(u2)+- as well. Bhaganagar et al. (2004) did a direct numerical simulation (DNS) 
of plane-channel flow between a smooth- and a  rough-wall. They reported a de­
crease in streamwise stress and an increase in wall-normal stress when the distance 
is normalized by a local friction velocity, and a decrease in both components when 
outer-normalized. Volino et al. (2009, 2011) showed smooth-wall similarity for cases 
with three-dimensional roughness but observed marked increases in (v 2+} and (uv+) 
in case of two-dimensional roughness. They attributed this observation to the wall 
region generation of motions th a t are much larger than  ks, and retain this increased 
scale into the outer region.
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Flack et al. (2005) found evidence of similarity in triple products as well. Owing to 
the necessity of obtaining very long times series and dealing with high uncertainties, 
there have been very few reportings on these statistics.
1.3.3 Reconciling Observations
To begin to  reconcile these observations, Jimenez (2004) suggested th a t the above 
partial review indicates th a t for the similarity hypothesis to  hold true, the ratio of 
boundary layer thickness to roughness height cannot be neglected. He proposed a 
value 8 /k  > 40 for the Townsend’s similarity to hold true, while observing th a t ex­
periments seem to suggest a more conservative threshold of 5 /k  «  80. If this criterion6 
is not met, the conditions are more akin to  a flow past a  bluff-body rather than a 
flow over a rough-surface.
1.4 Contributions of the Present Study
1.4.1 Analyses of Rough-Wall Flows From a MMB Perspective
The current study is the first to examine the rough-wall boundary layers from the 
perspective of the relatively new, mean momentum balance (MMB) theory. Based 
upon an order of magnitude analysis of the terms in the unintegrated form of the 
time averaged Navier-Stokes equation, it is shown th a t the mean viscous force retains 
dominant order over a near-wall domain in rough-wall flows. This is contrary to com­
mon belief.
The study also reveals good reasons to question the adequacy of the prevalent 
classification of flows. To begin to see this, we need to first recognize th a t the criteria
6Jimenez (2004) mentions a physical roughness height k  instead of ks though the two have been 
used interchangeably, see Flack et al. (2005)
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for a flow being fully rough and for Townsend’s similarity hypothesis to  hold true are 
essentially statem ents about relative scale separation. These are described by two 
conditions,
1. the fully rough condition which presumably constitutes the asymptotic state of 
disruption of the viscous wall-layer by roughness, and
2. the asymptotic state where roughness can be considered a small perturbation 
to the boundary layer.
Conservatively, these two conditions are m et by k f-  > 100 and 5 /k s > 80, respec­
tively. Taken together, they are simultaneously satisfied for <5+ as low as 8000! This 
causes one to reconsider whether these classifications adequately capture all the rel­
evant phenomena as (5+ —» oo and overall scale separation becomes large. In other 
words, modifying the condition 8 /k s being greater than  an arbitrary constant to being 
greater than  a function of 8+ provides a better description of the combined roughness 
Reynolds number problem. In this regard, the field measurements of Priyadarshana 
et al. (2007) at 5+ ^  106 provide an interesting perspective. The velocity and vorticity 
statistics derived from measurements over distributed roughness (300 < k f  < 500) 
and taken a t y + ~  1000 are nominally outside the RSL, bu t are still deep within 
the inner region (y /8  ~  0.001) and do not scale when plotted versus y/8 .  This 
led Priyadarshana et al. (2007) to speculate the presence of unidentified roughness 
regimes for k+ 2> 1 and ks/8  <C 1 th a t become apparent only under the prescribed 
condition of large scale separation.
The MMB method, on the other hand, adopts quite a different approach. It is 
based on the properties exhibited by the mean differential form of Newton’s sec­
ond law. It scrutinizes the differences of these properties in smooth- and rough-wall 
momentum development, instead of searching for a collapse in mean velocity or tu r­
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bulence intensity profiles associated with a hypothesized similarity in the two kinds 
of flows.
Based on the MMB analysis, the evidence of new roughness regimes is provided 
by segregating the scale separations between inner-length-scale and roughness, outer- 
length-scale and roughness and the peak of Reynolds shear stress and roughness. In 
particular, the peak of the Reynolds stress is highlighted as a significant parameter 
as it nominally represents the point where the mean flow formally changes character 
from being viscous dominated to being inertially dominated.
1.4.2 Development of a Friction Velocity Measurement Technique for 
Rough-Wall Boundary Layers
Friction velocity ur is an im portant param eter for scaling wall bounded flows. 
Unfortunately, there are very few direct7 methods to measure it for even smooth-wall 
flows, and it gets progressively more difficult when the surface is rough. Further­
more, techniques like the oil film interferometry or the wall gradient approach are 
rendered unusable by multiple reflections and spatial inhomogeneity issues, W inter 
(1977); Tavoularis (2005); Naughton and Sheplak (2002).
Development of a direct method to determine friction velocity is carried out to 
aid the primary mean momentum analyses. This method works not only in smooth- 
and rough-wall boundary layers but has also been successfully utilized in wall jets 
and boundary layers exhibiting polymer induced drag reduction.
7That do not depend on a universal similarity and do not require calibration.
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1.5 Publications
Parts of this thesis, and the extensions arising from it, have been (or are being) 
communicated in the form of the following:
•  Journals
— F. Mehdi., J. C. Klewicki & C. M. W hite, Mean force structure and scaling 
of rough-wall turbulent boundary layers, manuscript under preparation.
— F. Mehdi, T. G. Johansson, C. M. W hite & J. W. Naughton, On determining 
wall shear stress in two-dimensional plane turbulent wall jets, manuscript under 
preparation.
— C. M. W hite, F. Mehdi, Y. Dubief & M. G. Mungal, Dynamical contributions 
to the skin friction in polymer drag reduced wall-bounded flows, manuscript 
under preparation.
— F. Mehdi & C. M. W hite 2011, Integral form of the skin friction coefficient 
suitable for experimental data. Experiments in Fluids, 50, 43-51.
(doi: 10.1007/s00348-010-0893-l)
— F. Mehdi, J. C. Klewicki & C.M. W hite 2010, Mean momentum balance 
analysis of rough-wall turbulent boundary layers. Physica D, 239, 1329-1337. 
(doi: 10.1016/j.physd.2009.06.008)
• Invited talks
— 3rd January 2009, Aligarh Muslim University, Aligarh, India: Recent Devel­
opments in Rough-Wall Flows.
— 16th December 2008, Jawaharlal Nehru Centre for Advanced Scientific Re­
search, Bangalore, India: Mean Momentum Balance Analysis of Rough-Wall 
Turbulent Boundary Layers.
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•  Selected conferences
— F. Mehdi & C. M. W hite, Integral form of the skin friction coefficient suit-
f
able for experimental data, Symposium on Turbulence and Combustion, Cornell 
University, Ithaca NY, United States, 3-4 August 2009.
— J. Klewicki & F. Mehdi 2010, Modified hierarchy structure of rough-wall 
flows, IU TAM  Symposium on the Physics of Wall-Bounded Turbulent Flows on 
Rough-Walls, IUTAM Bookseries, 22 , 135-141.
(doi: 10.i007/978-90-481-9631-9_19)
— F. Mehdi & C. M. W hite, Integral form of the skin friction coefficient suit­
able for experimental data, Symposium on Fluid Science and Turbulence, John 
Hopkins University, Baltimore MD, United States, 30-31 May 2008.
1.6 Organization of this Dissertation
This dissertation has been arranged into the following chapters:
• Chapter 2: Theoretical Framework
This chapter highlights the drawbacks of a classical Millikan type approach and 
introduces the relatively new, mean momentum balance based approach, which 
is a direct interpretation of Newton second law and hence a direct way of look­
ing a t the dynamics.
• Chapter 3: Determining Skin Friction Coefficient
Having a good estimate of the skin friction coefficient is critical to  the study of 
turbulent boundary layers as it occurs as an im portant scaling parameter. Al­
though several approximate approaches exist to determine it, there are very few
exact methods available and the subset is substantially smaller for rough-wall
*
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flows. This chapter discusses the commonly employed techniques to quantify 
the skin friction coefficient and gives details of an integral method which utilizes 
profiles taken a t ju s t one streamwise position and is yet mathematically exact. 
I t was partly developed during the course of this work.
•  Chapter 4: Analysis of Existing Rough-Wall Data
The analysis of rough-wall data  already available in literature exhibit some im­
portant properties. Rough-wall boundary layer flows are traditionally consid­
ered to be inertially dominated everywhere in the flow but the mean momentum 
balance shows contrary evidence. This analysis also indicates the differences be­
tween smooth-and rough-wall mean momentum field development.
• Chapter 5: Experiments
*
This chapter describes the experiments performed in the moderate Reynolds 
number wind tunnel a t the University of New Hampshire. These experiments 
involved two dimensional Laser Doppler Velocimetry (LDV) measurements over 
different surfaces. They were designed to complement the available data and 
were instrumental in identifying new roughness regimes.
• Chapter 6: Evidence of New Roughness Regimes
This chapter provides evidence of the roughness regimes conjectured in chapter 
4 by utilizing the results of the experiments described in chapter 5. W ithin a  
particular regime, the data  exhibit properties th a t are evidently distinct from 
other regimes. The semblance of order in the da ta  subject to the determined 
scaling as opposed to the scatter under smooth-wall scaling, also serves to high­
light the differences in the two kind of flows. A semi-empirical surrogate for the 
peak Reynolds stress position is presented, which is, a t least, valid for all the
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data analyzed in this study.
• Chapter 7: Conclusions and Future Work
The final chapter re-iterates the significant results of this study. Some sugges­
tions about possible future work are also mentioned.
• Appendix A: Derivation of Skin Friction Coefficient Expressions
Starting with the boundary layer equation, this appendix documents the deriva­
tions of the integral method for skin friction coefficient discussed in chapter 3. 
The implicit incorporation of streamwise gradients and possible pressure gradi­
ents is also shown.
• Appendix B: Experimental data
This appendix tabulates the mean velocity, Reynolds normal stress and the 
Reynolds shear stress profiles for the experiments described in chapter 5. The 





Before investigating rough-wall boundary layers, it is worthwhile to briefly digress 
and revisit the smooth-wall boundary layers, as they have been more extensively 
studied and are better understood. If one were to  draw parallels between the two 
kind of flows, a representation of smooth-wall flow field structure provides a  useful 
starting point for describing rough-wall flows as well. The following sections compare 
and contrast the classical model and the mean momentum balance (MMB) model. 
Although, the emphasis here is on smooth-wall flows, the ramifications of a rough 
surface are also introduced.
2.1 Classical Model for Smooth-Wall Flows
According to  the classical theory (Prandtl, 1925), there is a  inner layer (77 =  y /5  < 0.1)
dimensional considerations and boundary conditions the following forms appear in 
the inner and outer regions respectively (Pope, 2000)
where the defining scales are based on the viscosity v  and the friction velocity uT; 
and an outer layer (y+ > 50) where the direct effects of viscosity are negligible. Prom
V*  =  / ,  (</+) (2 .1)
(2.2)
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If the Reynolds number is sufficiently large an overlap region ( v /u T «  y «  j )  
is assumed to  exist where both equations 2.1 & 2.2 coexist. If u* is taken to be u T, 
an asymptotic matching between the two regions results in an universal log law (von 
Karman, 1930; Osterlund et al., 2000; Nagib et al., 2007) while a Reynolds number 
dependent power law is obtained if u* is taken to be (George and Castillo, 1997; 
Barenblatt et al., 2000).
Figure 2.1 shows the conventionally plotted mean velocity profiles for smooth-wall 
zero pressure gradient (ZPG) boundary layer flows. The axes are the same as fig­
ure 1.1, but the data  plotted is from DNS1 instead of experiments to show the behavior 
close to the wall.
The structure of this profile provides a framework for the classical model (Millikan, 
1938). According to this model, the first layer where the profile is linear2 (exponential 
on a semi-log scale) is the region where viscous effects dominate. It is also known as 
the viscous sublayer3. The third layer is often the subject of intense debate about the 
profile following a log- or a power law. The mathematical form naturally has a  bearing 
on how the flows are scaled but for most cases the differences are not discernible when 
plotted on top of each other. The present study does not have a dependence on either 
form and by calling it a region of approximately logarithmic variation this issue can 
be circumvented. This region is presumed to dominated by turbulent inertia. The 
second layer acts as an intermediate layer in terms of influence of forces and is hence 
known as the buffer layer. In this region, the flow transitions from being viscosity
1DNS data, due to low Reynolds number, is not a particularly good example to show the overlap 
region but has been selected to show the profile very close to the wall.
2It is not exactly linear but very nearly so as the next non-zero term is of order (y+ )4.
3 Often incorrectly referred to as the laminar sublayer
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Figure 2.1: Traditionally denominated layers in a smooth-wall, zero pressure gradient, 
boundary layer flow. D ata taken from Spalart (1988).
dominated to being turbulence dominated. The fourth layer, or the wake layer, is the 
region where both mean and turbulent inertia are predominant.
Conventionally, the relative magnitudes of the mean viscous stress and the Reynolds 
shear stress, see figure 2.2, are highlighted to  justify attaching attributes to the re­
spective layers. They are used to support the argument th a t in the mean, the inertial 
effects start to overcome the viscous effects right from the beginning of the buffer 
region and the differences keep on increasing with increasing distance from the wall.
, 2.1.1 Smooth-Wall Scaling Behaviors for the Classical Model
Examining the layer thicknesses and the velocity increments across the layers re­





Figure 2.2: Viscous and Reynolds stress profiles for smooth-wall boundary layer flow. 
Viscous stress: solid line; Reynolds stress: dashed line. D ata taken from Spalart 
(1988).
As seen in table 2.1, the first two layers - the viscous sublayer and the buffer layer - 
tha t are associated with viscous effects have a thickness th a t a t all Reynolds numbers 
remains a fixed number in terms of viscous lengths. As <S+ is increased, these thick­
nesses reduce when compared to 5 a t a rate proportional to l / 6 +. Analogously, the 
velocity increments across these layers are fixed in terms of u T and with increasing 
Reynolds number diminish with respect to t/oo at a rate proportional to  uT/Uoo. On 
the other hand, the last two layers - the log layer and the wake layer - grow at a 
rate proportional to  5 with increasing Reynolds number and are unbounded in terms 
of viscous lengths as 5+ -» oo. Likewise, the velocity increments across these layers 
approach a fixed fraction of as <Jt —> oo.
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Table 2.1: Reynolds number scaling behaviors based on the classical model for 
smooth-wall flows. c«’s are constants. Adapted from Klewicki et al. (2007).
Physical Layer A y Increment A y  Increment
I (viscous sublayer) 4) 0 ( u T)(~  4) , ‘ |
II (buffer layer) 0 { v / u T){~  26) 0 ( « r X -  9)
111 . (lo& 1;i>or) ’&{&){—$ 0 .2) 0(E/oo).(^ (Uf/K) lbg(<5/Cl)) „ ,
IV (wake layer) 0 (6 ) (~  0 .8) OiUooK- (ut/ k) log(6/c2) +  c3)
2.2 Classical Description of Rough-Wall Flows
It is observed th a t the viscous sublayer and the buffer layer are obliterated in rough- 
wall flows, see figure 1.1. W ith reference to the four layer model presented above, the 
absence of these viscosity dominated regions leads to the commonly accepted belief 
th a t these flows are inertially dominated, throughout the boundary layer, right from 
the top of the roughness elements.
2.3 On the Physical Basis of the Classical Model
Perhaps the weakest aspect of the classical model is its inconsistency w ith the balance 
of forces within the different regions of the flow. This is fundamental to  describing 
the dynamics. It should be remembered th a t force is the gradient of stress and hence 
it is not sufficient to  base arguments on the stress magnitudes. The importance of 
this point is clarified with a simple example where the solution is known a -priori.
2.3.1 Laminar Plane Poiseuille Flow
Consider a fully developed, laminar, Newtonian flow with an externally imposed 
pressure gradient dP /dx ,  and a  velocity distribution upp(y). If the dynamic viscosity 
of the fluid is p  and the walls are separated by a distance 2h, the governing equation 
is known to be (Kundu and Cohen, 2004)
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(2.3)
The classical approach to wall-flows considers the relative magnitudes of the terms 
in the once-integrated form of the force balance, e.g. Yajnik (1970). If this approach
is generically correct, the picture th a t emerges from attaching a ttribu tes to  stress4 
profiles should also match the known solution to our simple problem. Integrating 
equation 2.3
and normalizing the terms by rw results in figure 2.3. It tells us th a t the pressure and 
viscous effects balance each other exactly at one point in the half-domain. In the re­
gion 0 < y /h  < 0.5 the viscous term  is greater while in the region 0.5 < y /h  < 1, the 
pressure effects are dominant. This is, of course, a contradiction as equation 2.3 clearly 
states th a t the pressure and viscous forces identically balance each other throughout 
the channel, Klewicki and Fife (2007).
It should be reiterated tha t the integrated equation is still mathem atically correct. 
It is just not the correct form to explicitly deduce the dynamics. To further make 
this point, in a spring-mass system exhibiting simple harmonic motion, it is known 
th a t the restoring force of the block is maximum when the mass is a t its farthest 
displacement but it would be incorrect to integrate the equation and say th a t the
4Pressure gradient times wall-normal distance has the same units as stress and hence is treated
—y~  b li - vv — rw (aconstant)





Figure 2.3: Diagram of the t w normalized, viscous stress and pressure term profiles 
in a  laminar plane Poiseuille flow. Pressure term: solid line; Viscous stress: dashed 
line.
effect of the spring is zero there due to the velocity being zero!
2.4 Mean Momentum Balance (MMB) Model
The theoretical framework employed in this work is based upon the properties of the 
mean momentum equation in its unintegrated form. The usefulness of this model 
stems from the fact th a t it is a time mean differential statem ent of Newton’s second 
law, and hence, provides a direct insight into the dominant time-averaged dynamics. 
The details of the MMB theory and its implications of flow physics are laid out in 
Wei et al. (2005a); Fife et al. (2005b, 2009); Klewicki et al. (2007, 2009).
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The inner-normalized, leading order mean momentum equation for a two-dimensional, 
zero-pressure gradient, turbulent boundary layer flow, to within P ran d tl’s approxi­
mation, is given by
+dU+ +dU+U+—  +  V +- ----
d x+ dy+ .
d2U + d T + , ,
dy*2 + d y * '  (2'5)
where x, y are the streamwise and wall-normal directions, T  is the negative of Reynolds 
stress (=  — (uv)), and U ,V  & u, v are the mean and fluctuating velocities in the x  & 
y directions respectively.
The left hand side in equation 2.5 is the mean advection while the  two terms on 
the right hand side are the viscous force (gradient of viscous stress) and the net effect 
of turbulent inertia (gradient of the Reynolds stress). If any three quantities (say 
A , B  and C) were to form a non-trivial balance, then either all of them  should be of 
the same order of magnitude or two of them should be in balance with the third being 
much smaller. The salient features of the force balance depicted by equation 2.5 can 
hence be highlighted through a ratio of any two terms.
It is difficult to  compute mean advection from experimental d a ta  as it involves 
streamwise gradients and wall-normal mean velocity, both of which are difficult to 
measure accurately. This is the primary reason a ratio of stress gradients was chosen 
as opposed to a ratio of mean advection to  one of the stress gradients. Any ratio, 













Figure 2.4: Diagram of the ratio of the viscous stress gradient to the Reynolds stress 
gradient, in a  smooth-wall boundary layer, a t any given Reynolds number. Adapted 
from Wei et al. (2005a).
2.4.1 Ratio of Stress Gradients
In a laminar smooth-wall boundary layer, T  = 0 and the  other terms in equa­
tion 2.5 are valid both instantaneously as well as in the mean. As the Reynolds 
number 5+ increases and the flow enters the transitional regime, the gradient of the 
Reynolds stress increases in magnitude, and a four layer structure begins to emerge in 
which there are three sub-regions of two large and one small term  and one sub-region 
where all three terms are dominant. As S+ is further increased, the magnitude of 
orderings of the four layers become distinct and this structure has been shown to 
exist for <5+ >  360 (Klewicki et al., 2011). As <5+ oo, these orderings become more 
distinct (Wei et al., 2005a), and the scalings associated with the four layer structure 
become more accurate Fife et al. (2009).
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Figure 2.4 illustrates this four layer regime through a sketch of the ratio of the 
viscous stress gradient to the Reynolds stress gradient for a smooth-wall flow a t 
an arbitrary (>  360) Reynolds number. Essentially, it depicts the mean free body 
diagram for the differential fluid elements a t each wall normal position within the 
layer. In the first layer, the magnitude of the viscous stress gradient is larger than 
tha t of the Reynolds stress gradient. It signifies th a t the only possible meaningful 
balance is between the viscous stress gradient and the mean advection. This region 
is essentially the same as the traditional viscous sublayer. In the second layer, the 
ratio is very close to unity and this region is hence known as the stress gradient 
balance layer. In the third layer, an interesting phenomena of balance breaking and 
exchange takes place. All the three terms in the region are of the same order of 
magnitude, except a t the Reynolds stress peak, yp) where by definition, the gradient 
of the Reynolds stress goes to zero. It is intriguing to  note th a t the stress profiles in 
figure 2.2 give the impression th a t the contribution of turbulent inertia is maximum 
at yp while the MMB demonstrates th a t in terms of force dynamics, it is zero there! 
W ith this change in the sign of the Reynolds stress gradient, the turbulence inertia 
changes character and shifts from being a momentum sink to  a momentum source 
across this layer. In the fourth layer, there is a balance between mean advection and 
Reynolds stress gradient. The advent of this region marks the point in the flow where 
the viscous effects cease to be dominant.
2.4.2 Smooth-Wall Scaling Behaviors for the MMB Model
Table 2.2 shows the Reynolds number scaling behaviors of the MMB model in terms 
of increments in layer thickness and the velocity increments across those layers. They 
have been determined analytically, and through high quality DNS & experimental 
data, have been verified empirically. The position where the gradient of the Reynolds 
stress crosses zero (or T + attains its maximum) is well documented to be located
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Table 2.2: Reynolds number scaling behaviors based on the mean momentum balance 
for smooth-wall flows. Adapted from Klewicki et al. (2007).
Physical Layer Aj, Increment A u Increment
' * I ' 0 ( u / u T){c-  3) 0 ( u r) (~  3)
II 0 ( y / v 6 / u r)(~ 1-6) O (l/00)(~  0.5)
1.0) , 0 ( u r) ( ~  1 0) 1
IV 0(<5)(-> 1.0) O iU o o )^  0.5)
a t y+ ~  1.9y/J+, Afzal (1982); Sreenivasan and Sahay (1997); Wei et al. (2005a). 
The outer edge of layer III is particularly interesting from a dynamical viewpoint as 
here the flow ceases to be viscous dominated. For a smooth-wall flow, this point is 
Ay + ~  0.6\/<5+ beyond T + maximum, i.e. a t y+ ~  2.6\fd+.
The A y as well as Ay increments are both order 1, in all four layers, and at all 
Reynolds numbers, which is in contrast to the scaling behaviors for the classical model 
th a t are listed in table 2.1. It is also interesting to note th a t two of the layers, namely 
II & III, scale with an intermediate length scale which is a  geometric mean of the 
inner and outer length scales. This aspect of the smooth-wall dynamical structure 
factors im portantly in the extension to the rough-wall case.
2.4.3 Hierarchy of Scaling Layers for Smooth-Wall Flows
The MMB rigorously admits a continuous, Reynolds number dependent, self­
similar hierarchy of scaling layers (Fife et al., 2005a; Wei et al., 2007; Metzger et al., 
2008; Fife et al., 2009) for a number of wall bounded flows. This hierarchy exists over 
an internal flow region th a t is “sufficiently away" from the effects of boundary condi­
tions. As shown in figure 2.5, it originates in the lower part of layer II and terminates 
in the middle of layer IV, see table 2.2. Here, L  refers to the layer hierarchy while 
the subscript indicates th a t the properties of L, such as its w idth distribution W {y+),
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y + =26-30
Figure 2.5: Schematic depiction of the self-similar hierarchy of internal layers ad­
m itted by the mean momentum balance for smooth-wall boundary layer flow. Note 
tha t the width of each member of the hierarchy, Lp, and the position about which 
it is “centered”, y%, both depend on the continuously varying param eter /?, which is 
intimately connected to the Reynolds stress gradient profile.
depend on the param eter /?, which is derived analytically and is directly related to 
the decay rate of the inertial term , Fife et al. (2009).
y
W (y +) allows equation 2.5, a t any wall normal position, to a tta in  the invariant 
form (Metzger et al., 2008; Klewicki et al., 2011)
d2U dT  . , ,
+ 3 ?  * 1 “  1 ( '
where the subscript A represents normalization by W ( y +) and uT (Fife et al., 2009).
Figure 2.6 shows the width distribution in. low Reynolds number channel, pipe 
and boundary layer flows and it may be observed th a t it ranges from W  ~  4 a t the 
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Figure 2.6: Layer width distribution of the Lp hierarchy versus inner-normalized 
distance from the wall. Dashed line: pipe flow DNS at =  1142 (Wu and Moin, 
2008); solid line: boundary layer DNS a t d+ =  1245 (Schlatter and Orlii, 2010); 
dashed-dotted line: channel flow DNS at 5+ — 1020 (Abe e t al., 2005); dotted line: 
channel flow DNS at =  2004 (Hoyas and Jimenez, 2006).
domain as well as layer widths span from 0 ( v / u T) to  O, which is the full scale (order 
of magnitude) separation a t a given d+.
The physical rationale behind equation 2.6, is the presence of balance breaking 
and exchange of mean forces across each Lp layer. This behavior is analogous to  what 
is seen in layer III of the ratio of stress gradients, see figure 2.4. Layer III being the 
central layer on the hierarchy (Klewicki et al., 2011), is essentially the result of the 
sum total of the ensemble of self-similar dynamics at both smaller and larger scales.
2.5 MMB in Rough-Wall Flows
Compared to the smooth-wall case, the knowledge of the structure associated with 
rough-wall boundary layers is still inadequate and, to the author’s knowledge, only 
studied by the present group. Perhaps the most fundamental question relates to
30
the extent to which the smooth-wall structure is retained. Most d a ta  indicate the 
Reynolds stress profile for a rough-wall boundary layer has a  single maximum which 
translates to being the position where the inertial term  changes sign. The basic form 
of figure 2.4 can thus be assumed to hold even for rough-wall flows, and then by 
extension, a balance breaking and exchange of mean forces should take place across 
a layer surrounding this point. The presence of such a layer, would essentially mean 
th a t the viscous force retains dominant order a t a point beyond the zero crossing of 
the inertial term, contrary to the prevalent classical belief th a t rough-wall flows are 
inertially dominated right from the top of the roughness crests.
The presence of a balance breaking layer, however, does not imply similarity be­
tween smooth- and rough-wall mean momentum development. It is rational to expect 
a modification of a t least the lower end of the layer hierarchy by the roughness el­
ements (Klewicki and Mehdi, 2010) and the present work explores a  dynamically 




ESTIMATING SKIN FRICTION COEFFICIENT
Skin friction coefficient C /, is a  non-dimensional representation of the wall shear 
stress t w. It is fundamental to describing flow physics as it provides (through friction 
velocity uT = \ / rw/p)  a characteristic velocity scale for wall-bounded turbulent flows. 
It is also used to determine net frictional drag (or pressure drop), and as an indicator 
of the onset of laminar-turbulent transition. Considerable effort has been devoted to 
determining and evaluating methods to estimate skin friction, W inter (1977). Fern- 
holz et al. (1996); Naughton and Sheplak (2002); Tavoularis (2005); Klewicki (2007) 
provide extensive details of the different methods th a t are based on, bu t not restricted 
to, pressure differences along the wall, forces on elements set within the wall, heat 
transfer in the wall, chemical methods, optical effects, measurement of near-wall ve­
locity field and integrating the momentum equation.
Some of the above techniques do not rely on any a priori assumptions regarding a 
universal similarity and do not require calibration. These are termed as direct meth­
ods. Determining skin friction, even from direct methods, is not w ithout challenges 
(Naughton and Sheplak, 2002). The accuracy of the measured mean velocity gradi­
ents near the wall is affected by the spatial resolution of the measurement system 
and wall topography. For this reason, electro-chemical methods and oil film interfer- 
ometry (OFI) are limited by wall and fluid type, W inter (1977); Tavoularis (2005). 
Momentum integral schemes involve measurements a t multiple streamwise locations 
(Ligrani and Moffat, 1986) to compute weak gradients. These are difficult to  accu­
rately estimate from experimental data. Flush mounted floating elements suffer from
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effects due to  gaps and misalignment, besides having an inherent compromise for sen­
sor size to be small enough to measure local conditions and large enough for a force 
acting on it to register, W inter (1977).
Given the above concerns, in particular for rough-wall flows, developing a  tech­
nique to estimate C f  was a necessary and significant part of the present work. Besides 
its intended result, a scheme to  smooth out the scatter in Reynolds shear stress pro­
file was also identified in the development process. This was of significant value in 
determining stress gradients and doing the mean momentum analysis on rough-wall 
experimental data, Mehdi et al. (2010). Mehdi and W hite (2011) presented a  tech­
nique to determine C f  which is based on the full momentum equation and yet does 
not have any explicit dependence on any quantity involving the streamwise gradients. 
This formulation has been shown to be effective in both smooth- and rough-wall zero- 
pressure gradient boundary layers (Mehdi et al., 2010; Mehdi and W hite, 2011) and 
is currently being applied to polymer induced drag reduction (White et al.) and wall 
je t flows (Mehdi et al.) as well.
3.1 M athematical Formulation
For a statistically steady, two-dimensional boundary layer flow, the Reynolds averaged 
^-momentum equation is given by
where Rea is the boundary layer thickness Reynolds number, P  is the pressure,




I® _  [ / ® |^  +  V e f p r  +  and © denotes normalization by 5 and Ua0.
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Equation 3.1 is integrated three times in the y-direction following the approach 
of Fukagata et al. (2002). The first integration yields a balance of term s having the 
dimensions of stress, the second yields the mean velocity profile, and the third yields 
the mass flow rate, see appendix A .l for details. Isolating the skin friction term in 
the third integration results in the following equation
where 8* is the displacement thickness.
The usefulness of equation 3.2 is somewhat limited when using experimental data; 
Ix is challenging to  evaluate due to  the difficulties in measuring wall-normal mean 
velocity and the quantities involving the streamwise gradients with sufficient accuracy. 
Returning to equation 3.1, it can be seen th a t
4(1 _  a*®I r 1
° f  = Re, +  2 / 0 2(1 ~  y0) ( _ w ) e  d2/®
(3.2)
re d r ® dP®
(3.3)
where r  is the to tal stress and equal to  the sum of the viscous and Reynolds stresses. 
Plugging equation 3.3 in equation 3.2, the expression for C f  can be revised to
The first term  on the right-hand-side of equation 3.4 depends on the displacement 
thickness and is hence dependent on the velocity profile. The second term  is the 
Reynolds stress contribution while the third term  is the contribution from the total 
stress gradient. The (1 — y®) and (1 — y®)2 weightings place emphasis on near-wall 
values. The explicit form of the pressure gradient vanishes, as expected, as it is an 
Ix type term.
The term in equation 3.4, which is most difficult to evaluate, especially using 
experimental data, is the one involving the total stress gradient. Hou et al. (2006) 
showed th a t the to tal stress profile when weighted with (1 — y®) is linear when plotted 
versus y® for the region y® < 0.2 —0.5. They verified this relation, which is essentially 
a form of the constant stress region, for a wide set of experimental da ta  pertaining 
to ZPG boundary layers. In the present work, a W hittaker smoother (Eilers, 2003), 
which is a  discrete penalized least squares method is applied to the weighted total 
stress spanning the domain 0 <  y® < 1.
3.2 Validation
Validation of the expression for skin friction coefficient, as given in equation 3.4, 
requires not only the availability of quality mean velocity and Reynolds shear stress 
profiles, but also a good independent estimate of C f  through a  direct method. These 
conditions severely restrict the number of data  sets available in literature th a t could 
potentially be used to quantitatively test this expression. Nevertheless, as discussed 
below, the present method has been successfully shown to work well in a  number of 
smooth- and rough-wall ZPG turbulent boundary layer flows.
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Table 3.1: Skin friction coefficient estimated using equation 3.4 for the DNS data  of 
Spalart (1988). ,
Re# /  estimated ^ J  given % Difference
| ! p | | w m m w i m
670 4.S5x 10~3 4.83x 10~3 0.3
4 14X1U"’ 4 .1 3 x 1 0 - o x ~ ]
3.2.1 Smooth-Wall Numerical Data
The DNS data  of Spalart (1988) was utilized as a first check as the profiles are 
spatially well resolved and free from scatter. It primarily verified th a t the expression 
given in equation 3.4 was free of mathematical errors th a t might have had occurred 
during the derivation. The results for all the three Reynolds numbers are presented 
in table 3.1 and, as expected, show excellent agreement w ith the theoretical values 
th a t were obtained using an arbitrarily chosen value of uT and u to convert published 
inner-normalized profiles to physical units.
In order to  simulate experimental data, Gaussian noise was added to  the Spalart’s 
DNS da ta  at Reg =  1410. For the mean velocity under inner-normalization, the added 
noise had a mean of zero and a standard deviation of 5x 10-3 . For the Reynolds stress 
under same normalization, the mean of the noise was again taken to  be zero but the 
standard deviation was much higher with a value of 5 x l0 -2 for the first 15 data 
points near the wall and 2 x l0 ~ 3 for the remaining data. This process of adding ran­
dom noise to the DNS data was repeated ten thousand times and the noisy profiles 
(see figure 3.1 for a typical example) were analyzed individually using equation 3.4 
to evaluate C f .
Figure 3.2 shows the distribution of percentage difference in skin friction coefficient 










Figure 3.1: Typical example of an artificially generated noisy Reynolds stress profile 
(O) a t Re# =  1410. DNS data  to which the noise was added is depicted by the solid 
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Figure 3.2: Probability density function of the percentage difference in C f for 10 000, 
simulated, noisy profiles a t Re^ =  1410.
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deviation of less than  1.2. The tails of the distribution are also confined to within 
±5%.
3.2.2 Smooth-Wall Experimental Data
Equation (3.4) is useful for determining Cf  but sometimes the experimental scatter 
in the Reynolds stress profiles can be large enough to affect the com putation of the 
skin friction coefficient. This is particularly pronounced in rough-wall boundary layer 
profiles, but sometimes even the smooth-wall da ta  show appreciable scatter depending 
on the measurement technique and the number of data  points acquired. To reduce 
these errors, the robustness of the to tal stress gradient approach (W hittaker fit) is 
exploited in a  form th a t includes only the total shear stress and its gradient. By
rearranging the terms of equation 3.4, one obtains
"\ .
Cf  =  2 ^  (1 -  y®) r®dy® +  2 ^  j  -  ( l  -  V * T ^  [ ( l  — y®) r®] j  dy®, (3.5)
see appendix (A.3) for details.
For real experimental profiles, the smooth-wall LDV data  of Johansson and Castillo 
(2001) were tested. In this experiment, measurements were made a t multiple stream- 
wise locations to  facilitate the determination of skin friction through a regular form of 
the full momentum integral method. The values of Cf  evaluated by their technique 
(as reported by Johansson in a private communication), as well as by the present 
method are shown in table 3.2. As indicated the maximum difference is less than  5%.
The Particle Image Velocimetry (PIV) da ta  of Tomkins and Adrian (2003) was 
used to show th a t the present method works well for experimental da ta  for which the 
streamwise gradient terms are difficult to determine with sufficient accuracy and the
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Table 3.2: Skin friction coefficient estimated using equation 3.5 for the LDV data  of 
Johansson and Castillo (2001).
Reo C/estimated Cf  % Difference
2217 -3.45 x 10~3 3:43x l0 ~ 3' _____ 0.6: ''7
2342 3.25x 10~3 3.39x 10-3 4.1
&&}&' 3.27x ITT3 3 31 x 10“3 i .2 ’ |
2620 3.32x 10~3 3.31x 10~3 0.3
f3l§!ix 10 58s& 3 26 x 10 0.9 ; 1
2992 3 .1 9 x l0 "3 3.22x 10~3 0.9
30 L4 h 3 21x10-'* 0.6
4223 2.90x 10~3 3.00x10'* 3.3
DU/O
5341 2.91 xlO - 3
4 uux 1U 
2.86 x 10“ 3 " T f
Table 3.3: Skin friction coefficient estimated using equation 3.5 for the PIV data  of 
Tomkins and Adrian (2003).
Reg S~</estimated C f ./given % Difference
1015
7705
441x10  3 
2.60 x 10~3
4 72 <10 * 
2.59 x lO-3
6.6 1
_   ^ c u .  .  J
0.4
regular full momentum method is expected to fail. A comparison of the percentage 
differences of the computed values of Cf  with the published values, see table 3.3, 
demonstrates the robustness of equation 3.5.
3.2.3 Reduction of Scatter in Reynolds Stress Profiles
The PIV d a ta  were also used to show th a t the smoothed total stress da ta  can be 
used to filter the scatter and estimate a corrected Reynolds stress profile. Figure 3.3 
shows the ratio of the stress gradients evaluated from the PIV data  a t Reg =  7705. 
Here, the corrected Reynolds stress is determined by subtracting the viscous stress 
from the total stress which in turn  is corrected by the W hittaker smoother fit. The 
rationale behind the process is the confidence in the fit based on the fact th a t the 
weighted total stress exhibits linear behavior near the wall, and the well-justified em-
Figure 3.3: Ratio of the gradient of the viscous stress to the gradient of the Reynolds 
stress at Reg =  7705. D ata taken from Tomkins and Adrian (2003).
pirical observation th a t the viscous stress can be measured with much higher accuracy 
near the wall than  Reynolds stress.
The structure observed in figure 3.3 is in agreement with what is obtained using 
high quality DNS and LDV data (Fife et al., 2005b; Wei et al., 2005a; Klewicki et al., 
2007). In particular, the presence of a stress gradient balance layer, as identified 
through the ratio of the stress gradients being negative one, is known to be a particu­
larly sensitive measure of the shape of the mean velocity and Reynolds stress profiles. 
W ithout this correction, this layer structure is quite difficult, if not impossible, to 
show from these PIV data.
This filtering algorithm is quantitatively explored by smoothing the noise cor­
rupted Reynolds stress data  of Spalart (1988) a t Re^ =  1410. For the profile plotted 

















Figure 3.4: (a) Weighted total shear stress profiles of simulated noisy d a ta  at Re<? =  
1410 and plotted in figure 3.1. Solid line represents the W hittaker smoother fit. (b) 
Zoomed domain ranging from the wall to  y® =  0.2. D ata to which the noise is added 
is taken from Spalart (1988).
41
The corrected Reynolds stress profile is presented in figure 3.5 and is shown to  be 
very close to the true values.
The technique described above is of significant use when analyzing rough-wall 
data, where the scatter in the profiles is typically too large to allow stress gradient 
determination through regular procedures. This is discussed further discussed in 
chapter 4.
3.2.4 Rough-Wall Experimental Data
The data of Brzek et al. (2007) was chosen to evaluate the performance of equa­
tion 3.5 for rough-wall boundary layer flows. This set of wind-tunnel experiments was 
performed over sandpapers of different roughnesses. The profiles were measured using 
LDV and at multiple streamwise locations for each physical roughness and freestream 
velocity.
Figure 3.6 shows, for the data  of Brzek et al. (2007) a t Re# =  4286 and k + =  51, 
the weighted to tal stress gradient and its W hittaker smoother fit. This particular case 
shows the maximum deviation from the reported values, see table 3.4. Brzek et al. 
(2007) have presented their results using a physical measure of roughness instead 
of using the commonly used equivalent sand grain roughness (which incidentally is 
k+ =  92). Since, the to tal shear stress has to be maximum at the wall, the dip in the 
near-wall data  points is physically unreasonable and likely results from experimental 
limitations and /o r local effects. The criterion for rejecting points was to force the 
W hittaker smoother to always have a negative gradient and it gave consistent results 
for all the different rough-wall data, including but not limited to the experiments of 






















Figure 3.5: Demonstration of the Reynolds stress correction algorithm a t Re® =  1410. 
(a) Recovered profile (o ) plotted over original DNS (solid line), (b) Difference between 







Figure 3.6: Weighted total shear stress profiles (o ) a t Re# =  4286 and k + = 51. Solid 
line represents the W hittaker smoother fit. D ata taken from Brzek et al. (2007).
Table 3.4 documents the skin friction coefficients for the data of Brzek et al. 
(2007) as determined by the full integral method (reported by Brzek in a private 
communication) as well as by the present method using equation 3.5. The maximum 
difference in Cf  using the two methods is less than 3.2% except for a  single case where 
it goes up to 6.6%.
3.2.5 Other Data
Skin friction was also determined for the smooth-wall d a ta  of DeGraaff and Eaton 
(2000) and the rough-wall data  of Krogstad and Antonia (1999); Connelly et al. 
(2006). The results were not included as a part of validation, as the published C / 
values were not determined through a  direct method. These are, however, high qual­
ity data sets and hence are presented in table 3.5.
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Table 3.4: Skin friction coefficient estimated using equation 3.5 for the LDV data  of 
Brzek et al. (2007).
Re0 k + c f  estimated Cf .J given % Difference
1990 26 5 .3 1 x l0 ”3 5.40xlCT3 - l-,7 I
2046 26 5.28x 10-3 5.31xl0~"3 0.6
25 4:86 x 10~3 4.80x 10-3 A, J - 2
3409 14 3.62x 10~3 3.70x 10-3 ' 2.2
« 3 9 I \ 3 59 x n r 1 3.63x10 5 IBSMltl
3661 1 1 3.52x 10-3 3.57x 10~3 1.4
4118 52 5 26x10 * 5 35x L0-3 m





5 28x10“ * 
5.80x 10-3 5 .6 7 x l0 "3
3 1 
2.3“
9005 107 5 69x 10-3 5.70x10 5 0.2 m
9556 107 5 .47x l0"3 5.62xl0~3 2.7
Table 3.5: Skin friction coefficient estimated using equation 3.5 for the smooth-wall 
data of DeGraaff and Eaton (2000)° and the rough-wall da ta  of Krogstad and Antonia 
(1999)6; Connelly et al. (2006)c.




3 36x10 5|  
6.50x10' 3
52001' 2 T. . 1) 2.9 Ix JO-3 J
7290° 56 4.41 x l0 ~3 4 .5 7 x l0 -3
7970 36 4 14x10-* 4.10x10 3|
12800b 344 5.40x 10-3 5 .6 6 x l0 - 3
1 in-id 2 50x10-’ 2.54x10 »
The data  of Krogstad and Antonia (1999); Connelly e t al. (2006) is explored in 




ANALYSIS OF EXISTING ROUGH-WALL DATA
As evidenced by the early writings of Darcy (185‘7) and Hagen (1854), the signifi­
cance of rough-wall flows has been appreciated for a long time. This research area 
has been of considerable interest in the last 70 years or so, and beginning from the 
seminal works of Nikuradse (1933); Colebrook (1939) and Moody (1944), has seen a 
systematic study of the roughness problem.
In the initial phase of this study, data already available in literature were sought 
to bring out the salient features of the mean momentum balance, and to identify the 
experimental parameters potentially needed to complement it. Given the reasonable 
amount of time rough-wall flows have been studied, it was quite surprising to find 
th a t there were very few data sets th a t could be used for this purpose.
4.1 Data Analyzed
Table 4.1 lists the experimental data  sets th a t were used in the initial study. These 
recent studies were chosen as they included both mean velocity and Reynolds shear 
stress profiles and their data  were made available by their authors. It is by no means, 
a  comprehensive compilation. As described in the table, however, the da ta  sets span, 
albeit sparsely, a decade (750 to 6000) in terms of <5+‘, and over two decades (15 to 
1200) in terms of k+. The 6/ks values also range also from 5 to 100 and are on both 
sides of the critical value of 40 needed for Townsend’s similarity hypothesis to hold
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Table 4.1: Description of the initially analyzed rough-wall turbulent boundary layer 
data.
Study Symbol Re0 3+ K  y+
| Brzek'.et al. (2007) ' □ ' '2046 767 34 51 !
Brzek et al. (2007) X
•A .  -■
3560 1175 16 ‘84
IS S e k  ct al. (2007) , 4286 1555 . r92; i lO iy
Krogstad and Antonia (1999) O 4806 1987 258 186
Connelly et al. (2006) 7290 2915 56 891
Connelly et al. (2006) <1 7970 3022 36 76
990 1701
Krogstad and Anton la (1999) \ 12800
0O«)«) ZZO L/^|
5224 314 156
Connelly et al. (2006) 13050 .5997 1130 ?06 j
as suggested in Jimenez (2004).
D ata scatter is inherent to experiments. Thus, it may seem th a t DNS data  sets 
should provide a potentially attractive alternative. Indeed, in the case of smooth-wall 
flows, they have provided well-resolved profiles th a t were instrum ental in initially re­
vealing the MMB structure, Wei et al. (2005a). Unfortunately, in case of rough-wall 
flows, there are considerable challenges in representing a complex surface geometry 
within a discretized framework. Even more critical is the current lim itation of DNS to 
modest Reynolds numbers due to available computing power. For classifying smooth- 
wall. flows, a scale separation was needed between the viscous scales and the outer 
scales. In rough-wall flows, a t a minimum, scale separation is needed between the vis­
cous and roughness scales and between the roughness and outer scales. This requires 
going to higher Reynolds numbers.
4.2 Stress Gradient Ratios
The viscous and Reynolds shear stress gradients have to be estimated to  a reasonable 
accuracy in order to  compute the stress gradient ratios and clarify the features of
the mean momentum balance. For good quality smooth-wall boundary layer data, 
this can be accomplished by using a Savitzky-Golay filter. This involves fitting a  low 
order polynomial over a small subset of da ta  points and subsequently moving th a t 
window across the entire domain, (Savitzky and Golay, 1964). The scatter in a typical 
rough-wall data  set (and especially in the Reynolds shear stress profiles), is however, 
often too high to produce reliable results using this method. In the present study, 
the method of Mehdi and W hite (2011) as outlined in section 3.2.3 is employed to 
estimate the stress gradients! Figure 4.1 shows two typical examples of the corrected 
Reynolds shear stress plotted over the measured values.
The stress gradient ratios of all the data  sets described in table 4.1 are plotted 
in figure 4.2. At first sight figure 4.2 appears to be little more than  a scatter plot. 
Careful examination reveals some visual clues about the flow field organization. The 
structure becomes more visible under a simple transformation where the abscissae are 
stretched by their corresponding l /y + , see figure 4.3. There is a  distinct merging 
of data on the negative unity and zero ordinates and the curves peel-off from these 
values depending on the roughness and Reynolds number. Given the discussions in 
section 2.4.1, the ratio of stresses being close to negative unity clearly points towards 
the existence of a  stress gradient balance layer, i.e. layer II.
Rough-wall boundary layers, are traditionally believed to be inertially dominated 
right from the top of the roughness elements, and yet the existence of this layer con­
firms a region away from the crests (and in some cases above the roughness sublayer) 
where the mean viscous force retains dominant order. The III & IV layers th a t char­
acterized the smooth-wall MMB seem to appear, at least on a qualitative scale, in the 
depiction of the rough-wall momentum field as well. Given th a t the data  represent the 
























(b) <5+ =  5224, k+  =  344
Figure 4.1: Measured and estimated Reynolds shear stress profiles for two different 
rough-wall boundary layer flows. Symbol key is given in table 4.1.
49
°  O -fo
%gmo
0 50 100 150 200 250 300 350 400
y +
Figure 4.2: Mean momentum balance in rough-wall turbulent boundary layer data, 
elucidated through the stress gradient ratios. Symbol key is given in table 4.1.
shown in table 2.2 are not expected to  hold true.
4.3 Comparison of Smooth- and Rough-Wall Momentum Field 
Development
The MMB-based smooth-wall theory revealed tha t, when plotted versus y + , the stress 
gradient ratios should diverge from negative unity a t a rate proportional to y/5+, Wei 
et al. (2005a); Fife et al. (2005a). This connects to the observation th a t the Reynolds 
stress peak position, is proportional to VS+ as well (Long and Chen, 1981; Afzal, 
1982; Sreenivasan and Sahay, 1997; Wei et al., 2005a; Fife e t al., 2005b). Physically, 
this results from the balance breaking and exchange of mean forces across layer III, 
th a t results in inertial mean dynamics in layer IV. Thus, by extension, two tests may 
be devised for the purposes of clarifying the similarities and differences between the 
smooth- and rough-wall mean momentum field development.
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Figure 4.3: Rough-wall stress gradient ratios plotted in figure 4.2 under coordinates 
chosen to highlight the layers. Symbol key is given in table 4.1.
4.3.1 Comparison tests
The first test is to  examine if the —{uv)+ peak scales with VtF.  If this holds true, 
it would mean a remarkable similarity between the smooth- and rough-wall flows with 
respect to the structure associated with the development of the stress gradient balance 
layer as well as the balance breaking and exchange layer. It would also indicate that, 
at least for the ranges of Reynolds numbers and roughnesses studied, the momentum 
field is, compared to  roughness, a much stronger function of Reynolds number.
The second test is to examine if the deviation in the stress gradient ratios from 
the negative unity line remains proportional to y+. If the first test holds true, the 
second should hold true as well. If the first is false and the second true, it would 
indicate a  certain level of self-similarity between different rough-walls flows, but one
tha t is significantly distinct from smooth-wall flows.
If both tests turn  out to be false, it would suggest th a t the layers II and III 
mechanisms underlying the establishment of the mean momentum field in smooth- 
and rough-wall flows, and in different rough-wall flows, are different. This would 
effectively mean th a t every rough-wall flow would have to  be studied separately.
4.3.2 Analyses of the available rough-wall data
Figure 4.4 shows the Reynolds stress peak position versus S+ for the da ta  sets of 
table 4.1. It is evident th a t although most of the y+ values seem to to increasing with 
increasing <5+, there is a lack of a strong correlation between y£ and y/5+. Keeping in 
mind tha t the observed level of scatter is well beyond the uncertainty in estimating
, the first test is thus showed not to hold true.
In figure 4.5, the stress gradient data  are replotted as a  function of normalized 
distance from the peak, (y + — y£ )/y/6+. The shift recognizes the qualitative change 
in the mean force balance across the region containing y + . The normalizing factor of 
1/V5+ is, however, derived from the smooth-wall theory and hence, the adherence of 
data to a  single curve under this normalization, would imply th a t the scaling prop­
erties local to yp are the same as (or close to) the smooth-wall case; even when the 
scaling properties of yp are not. As observed, the structuring of da ta  in figure 4.5 
reveals the layers II-IV more clearly than figure 4.2.
The reduced scatter in the data  also tentatively points towards the possibility of 
self-similar behaviors in the vicinity of yp. In the parlance of the methodology devel­
oped by Fife et al. (2005a), figure 4.5 suggests th a t there may exist a  scaling patch 
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Figure 4.4: Rough-wall inner-normalized Reynolds stress peak position y+, plotted 
against 5+. Symbol key is given in table 4.1. Solid line represents 2v/5+ and is shown 
to compare with the smooth-wall behavior.
tion may be cast in a universal, non-dimensional form, by employing the parameters 
characteristic of the patch. By locating and identifying each patch, the associated 
non-dimensional form of the equation can be generated on those patches, effectively 
revealing the appropriate self-similar form of the equation.
To investigate a possibility of the rough-wall scaling patches exhibiting properties 
congruent to those in smooth-wall flows, the associated smooth-wall meso-scaling by 
Wei et al. (2005b) is applied to the present Reynolds stress d a ta  as seen in figure 4.6. 
Although, the da ta  reveal tha t the profiles do not merge under this normalization, it 
should be kept in mind th a t the width of the scaling patch need not necessarily be 
the same as for smooth-wall flows, both in terms of position and width. For instance, 
as seen in figure 4.6(b), it is remarkable to observe how well the profiles collapse for 





Figure 4.5: Viscous to the Reynolds stress gradient ratios plotted against normalized 
distance from the wall. The yp shift is to provide a visual aid by overlapping the 
balance breaking region for all the data. Symbol key is given in table 4.1.
this one-sided behavior might be the effects of roughness in the viscous dominated 
region and the re-emergence of the smooth-wall scaling once an inertially dominated 
force balance is obtained. For a conclusive statem ent, a detailed exploration of the 
sensitivities of the velocity increments and layer thicknesses to  the combined effects of 
roughness and Reynolds number is needed, which is outside the scope of the present 
work.
In the smooth-wall case, the layer II and III thicknesses, scale with the length 
>/v5/ uT. The peak Reynolds stress position yp, physically coincides with the bound­
ary layer dynamics transitioning to being dominated by inertial force. Position yp, 
being correlated to  >Ju5/uT, thus provides a useful surrogate. Note th a t yp, being cor-' 
related to y /u8 /uT is equivalent to saying th a t y+ is correlated . The smooth-wall 
meso-scale is the geometric mean of the inner and outer characteristic length scales,










Figure 4.6: (a) Rough-wall Reynolds stress profiles normalized using the smooth-wall 
meso-variables, (b) Zoomed-in region corresponding to a 0 (1 )  width about y + =  y 
Symbol key is given in table 4.1.
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and relative to layer hierarchy Lp, continuously adjusts with changing Reynolds num­
ber to always be a t its center.
4.4 Emergence of New Intermediate-Scalings for Rough-Wall 
Flows
In contrast to smooth-wall flows, where the wall boundary condition can be- precisely 
specified, and behaviors revealed analytically (Fife et al., 2005b, 2009), roughness im­
poses new dynamical length scales between the limits o i v / u T and 8. The overall scale 
separation <5+, may still determine the preferred scale at which the vorticity motions 
organize. Thus, while the roughness modifies the process by which- the vorticity field 
three-dimensionalizes, the end state may be dictated by 8+.
As previously seen in figure 4.4, the yp for rough-wall flows does not correlate with 
the length scale formed by geometric mean of the inner and outer scales. It may be 
reasoned, however, th a t roughness by modifying the mean momentum field, effectively 
segregates the influences of the overall scale separation. An effective way of testing 
this hypothesis is to test if yp correlates with a length scale formed by taking the 
geometric mean of inner and roughness scales, and /o r of roughness and outer scales. 
Here, the equivalent sand grain roughness &s, provides an opportunity to reduce the 
complexity of dealing with multiple roughness scales by representing them  with a 
single length scale. Further, under the conditions, »  1 and ka/8  <C 1, it is rea­
soned th a t the scale separation between inner and roughness scales is given the same 
weighting as the scale separation between roughness and outer scales. A length scale 
so formed, may or may not be enough to describe the combined roughness-Reynolds 
number problem, depending a t least on how well the conditions ju s t described are 











0 1000 2000 3000 4000 5000 6000 7000
<5+
Figure 4.7: Rough-wall yp normalized by a mixed roughness-outer length scale versus 
<5+. Symbol key is given in table 4.1.
attaining these conditions is connected to <5+ —»• oo as well.
Figure 4.7 shows the yp positions for the data sets described in table 4.1. They 
have been normalized by V k s5 and plotted against 8+. Compared to  the yp position 
under smooth-wall meso-scaling (see figure 4.4), the data  are dramatically more well- 
ordered and, except for one outlier denoted by the symbol x , behave as a monotonic 
function th a t appears to be very close to a straight line. Similarly, the yp positions 
normalized by y juks/ u T are plotted in figure 4.8. The data, although not as well- 
behaved as in figure 4.7, again falls on a smooth-curve, except for the same outlier x .
Note th a t the smooth-wall scalings for yp (y+ ~  V5+) did not work for the rough- 
wall data. The intermediate normalizations y/ks8 and y /uks./8, however, were shown 
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Figure 4.8: Rough-wall normalized by a mixed inner-roughness length scale versus 
<5+. Symbol key is given in table 4.1.
note tha t taken together these two span the whole range of length scales in the flow. 
Thus, the overall scale separation is effectively getting segregated into the influences 
of the scale separations between ks and 6, and between v / u T and ks, respectively.
Roughness imposes new length scales within the range of scales bounded by the
inner and outer lengths. The location of the peak in —(uv) is the position in the
I
flow where the Reynolds stress ceases from being a momentum sink and starts to act 
as a momentum source. It is also where the mean dynamics lose the viscous force 
as a  leading order effect. Thus, yp is an im portant length scale th a t is an intrinsic 
property of the internal dynamics. Figures 4.7 and 4.8 apparently clarify, a t least for 
the range of scale separations covered, the relative effects of roughness and Reynolds 
number on the position of yp. These scale separations are highlighted in figure 4.9, 
which reveals th a t most of the data analyzed here can be characterized as falling in a
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Figure 4.9: Rough-wall yp versus S, with both quantities normalized by roughness. 
Symbol key is given in table 4.1.
regime where yp/ k s < 0(1) .  The one notable exception is the data point x from the 
study of Brzek et al. (2007), for which yp/ k s is large. Significantly, this d a ta  point 
also appears as an outlier in figures 4.7 and 4.8. In this respect, the present reasoning 
also leads one to  suspect th a t the da ta  points where ks »  yp are also likely to  fall in 
a separate roughness-Reynolds number regime.
The existence of different regimes being tied to k s/ y p, in addition to and ks/5, 
is supported by normalizing yp by an intermediate scale th a t respects the scale sepa­
rations intrinsic to the problem. This is determined by taking the product of the two 
normalizations given in figures 4.7 and 4.8. The normalized data in figure 4.10 th a t 
appear invariant (or a t least as a weak function) of 5+ , correspond to  ks/ y p =  0(1) ,  
k+ »  1 and ks/6  <C 1.
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Figure 4.10: Rough-wall y+ normalized by a mixed inner-roughness-outer length scale 
versus <5+. Symbol key is given in table 4.1.
Though not empirically verifiable from the current data, it is physically justifiable 
to  expect the scaling formed by the unweighted product to hold for simultaneous large 
scale separation between inner and roughness scale and between roughness and outer 
scale. More data are required to confirm these notions and to determine whether 
putting additional weights on either inner or outer scales can collapse the data  for 
yp/ k s less than or greater than 0 (1 ). Chapter 5 discusses the experiments performed 
a t the University of New Hampshire (UNH) to complement the current database, and 
to answer the new questions th a t arose from the analysis described here.
4.5 Complexities Associated with ks
As an end note, it should be reiterated th a t even though equivalent sand grain rough­
ness has been employed in this analysis, there are certain issues associated with using 
ks. It has dynamical relevance through its connection to the. down ward shift in mean
velocity profile, bu t it is not a measure of roughness in terms of direct physical dimen­
sions. Relevant to the MMB analysis, for example, it should not be assumed from 
the da ta  falling under yp/ k 3 < 0(1 )  (see figure 4.9) th a t the peak in the Reynolds 
stress occurs below the actual roughness crests. This can also be easily deduced from 
figure 4.5, where the stress gradient balance layers (which occur below yp) are shown 




To fill the gap (in terms of scale separation) in the d a ta  analyzed in chapter 4 , 
three different sets of experiments were performed a t the University of New Hamp­
shire. They were designed to have the param eter yp/ k s, both greater than  and less 
then 1, to give a  better understanding of the data  organization presented in figure 4.10.
5.1 Test Facility
The experiments were performed in a m oderate Reynolds number, suction type, open- 
loop wind tunnel. This wind-tunnel was acquired from the University of Maryland in 
2006. Previous measurements acquired in this facility have been used in a number of 
fundamental boundary layer studies (Balint et al., 1991; Wallace et al., 1992; Ong and 
Wallace, 1998; Wallace, 2009). The test section is 8.5 m long and has a cross-section 
of 0.61x1.2 m2. The boundary layer is measured over the bottom  wall and the roof 
slightly diverges (at an angle of 0 .68°) as a function of downstream distance to  allow 
for boundary layer growth, and to keep the flow in the test section, nominally zero 
pressure gradient. The original design consisted of a large turbulence management 
section prior to  a 12:1 ratio contraction, upstream of the test section. The entire 
length of one of the side walls consists of eight transparent plexiglas windows th a t 
provide optical access and can be opened to install equipment or enter the tunnel.
5.1.1 Modifications
Prior to its final installation a t UNH, some modifications were made to the wind- 
tunnel. These were primarily implemented to meet space constraints. An entirely
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Figure 5.1: Sketch rendition of a photograph of the test facility showing (a) the 
turbulence management section, (b) the test section, and (c) the settling chamber for 
seeding particles. The fan housing can also be seen at the far downstream end.
new turbulence management unit was built whose interior dimensions matched those 
of the tunnel inlet, thus eliminating the use of the contraction. This unit consisted 
of a honeycomb with a length to diameter ratio of 16:1 (Loehrke and Nagib, 1976), 
followed by six evenly spaced steel meshes having a  porosity of 0.39. For a given 
freestream velocity, this design resulted in a  shorter overall length and lowered the 
power requirements on the fan. It also reduced unwanted flow phenomena like the 
Gortler vortices in the contraction, (Rashidnia and Falco, 1986). The contractionless 
flow conditioning unit is suitable for low speed tunnels.
An AMCA class II radial fan (supplied by New York Blower Company), mounted 
on four individual spring-loaded vibration isolation mounts, was used to power the 
tunnel. This fan is capable of generating a maximum freestream velocity of around 
12 m /s. A diffuser was built to  connect the rectangular test section to the circu­
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lar inlet of the fan. The divergence angles of this diffuser range from 4 .02° to  5.33°, 
and are well within the 7° limit needed to  avoid separation as described by Feil (1964).
The wind-tunnel was characterized (Hauptman, 2010) through an extensive set 
of smooth-wall experiments using single-hotwire surveys. A V4-20 inch threaded rod, 
placed 11.4 cm downstream of the turbulent management system, and covering the 
entire span, was used to trip the boundary layer. This trip  was removed during the 
rough-wall experiments as it was considered redundant. A grid of flush-mounted, 
pluggable pressure taps, were installed to check for gradients along the stream wise 
and spanwise directions. The velocity and pressure measurements confirmed th a t the 
flow was uniform and nominally zero pressure gradient. The freestream turbulence 
intensity in the smooth-wall boundary layer experiments, ranged from 0.30% — 0.37%, 
for Uoo — 3!9 — 10.1 m /s.
Besides these general modifications, some more changes were made to facilitate 
LDV measurements. A settling chamber (see section 5.2.3) was included in the design 
and a section of the plexiglas window at the measurement location was replaced with 
glass to improve optical transmission.
5.1.2 Roughnesses
The rough-wall boundary layer experiments were performed over three different 
roughnesses. Two of these had a three-dimensional random distribution while the 
third comprised of ordered two-dimensional roughness extending in the spanwise di­
rection.
In the first set of experiments, roughness was introduced in the form of a  24-grit 
sandpaper th a t extended along the full length of the tunnel. I t was procured from
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Figure 5.2: Surface characterization of the 24-grit sandpaper.
Klingspor Abrasives Inc., and was their lowest grit (largest roughness) available. This 
type of roughness is relatively easy to install and provides a good distribution of vary­
ing roughness length scales. Moreover, sandpaper roughness is commonly employed 
by other researchers, and hence, adds to existing experimental databases besides be­
ing a comparison benchmark. A surface characterization of the 24-grit sandpaper 
(courtesy of Prof. Mike Schultz) is shown in figure 5.2.
Since fully rough flows ( k f  > 70) were needed for the second set of experiments, 
and the 24-grit sandpaper did not have large enough roughness elements, closely 
packed pea gravel was spread over the tunnel floor. The gravel was glued around the 
measurement area and near the turbulence management section. It was a precaution­
ary step as, even under the maximum operational speeds, the gravel was found to be
£7
spatially secured under its own weight.
As discussed in section 1.3, two-dimensional roughness exerts a detectably differ­
ent response from the three-dimensional case. To include such a configuration, l/2 inch 
square cross-section bars, placed 4 inches (8 times the side of the square) apart, and 
covering the entire length of the tunnel, were installed. This is the most commonly 
seen configuration in previous experiments. The length of the  bars spanned the entire 
width of the test section of the tunnel.
5.2 Instrumentation
The primary measurement tool used in the present work was a  two-dimensional, Laser 
Doppler Velocimetery (LDV) system. The LDV allowed the point measurement of 
the instantaneous streamwise and wall-normal velocity components. A number of 
features tha t make this technique attractive are th a t it is non-intrusive, has direc­
tional sensitivity, requires no calibration and has good spatial resolution. During the 
experiments, a p ito t static tube, connected to a 10 Torr MKS pressure transducer 
(model 692A11TRD) and a  MKS Series 270 signal conditioner (model 270-D-4-RZ), 
was used to monitor the freestream velocity. The room tem perature and pressure 
were also recorded.
Hotwire anemometry (HWA), though not a p art of this dissertation, was carried 
out by other group members as a parallel rough-wall study involving spectral analysis, 
Ebner et al. (2011).
5.2.1 LDV system
The principles of the LDV technique are well documented, e.g. Tropea (2007), 
so only a brief overview is presented here. The LDV system was purchased from
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TSI Inc., and essentially consists of a  coherent monochromatic light source (laser), a 
beam splitter, a Bragg cell, a photo detector and a signal processing unit, along with 
transm itting and receiving optics.
The heart of the LDV system is 300 mW, air-cooled, continuous wave, Argon ion 
laser built by Melles-Griot. The laser beam goes into a FBL-3 fiberlight unit where 
a Bragg cell, which is an acousto-optic modulator, splits it into two beams and shifts 
the frequency of one of them by 40 MHz to provide directional sensitivity. A prism 
further separates the beams into six individual beams comprising of two green, two 
•blue and two violet components. Only two colors are needed for two-dimensional 
measurements so the violet beams are blocked. The employed beams (green and 
blue), correspond to wavelengths of 514.5 and 488 nm, respectively. The four beams 
are brought to the transm itting probe via optical fibers, where they are focussed on 
to an ellipsoidal region called the measurement (or probe) volume. Light scattered 
by the particles passing through the measurement region is collected by a receiver lens.
The experiments presented here used the LDV in backscatter mode, which means 
tha t the transm itting as well as receiving optics were housed in the same unit. Optical 
alignment is easier in backscatter mode, as opposed to front or side scatter, where a 
different unit has to be placed a t a specific location. A beam expander (XPD 60), 
which consists of a diverging and a converging lens combination, was mounted on 
the probe to increase the effective focal length of the transceiving probe from 363 
mm to 758 mm. The beam expander also reduced the size of the probe volume 
by changing the beam waist from ~90/xm to ~  70/un. This is the prim ary measure 
of spatial resolution and, depending on the flow conditions, varied between 1 - 3.5 
viscous units. The light collected by the receiver lens is sent to the photo-detector
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module (PDM1000), which converts it into an electrical signal and sends it to  a signal 
processor (FSA4000).
5.2.2 Traverse
The transceiver probe was mounted on a  two-axis traverse and controlled by isel® 
traverse controller. This traverse is supplied as a part of the TSI system, and can be 
controlled through the Flowsizer software, which is used to adjust the LDV settings. 
The thread-pitch of the traverse lead-screw is 5 m m /rev and there are 400 steps to 
a  revolution, giving it a minimum traversing distance of 12.5 /xm. The traverse is 
equipped with adjustable feet, and before each experiment, the arm  supporting the 
probe was checked with a spirit level to ensure th a t it is horizontal.
5.2.3 Seeding
Olive oil droplets were used to seed the flow. These were ~1  /xm in diameter, 
and were generated via a home-built atomiser (courtesy of Prof. M artin Wosnik) 
powered by compressed air. Initially, the seeding particles were introduced in front of 
air intake of the wind-tunnel, but two issues were identified with this configuration: 
1) the data rates near the wall were low due to  insufficient particle density, and 2) the 
screens of the turbulence management section were becoming clogged over time. To 
overcome these problems, the seeding was introduced through a settling chamber with 
an outlet in the form of holes flush with the tunnel wall. This chamber was placed 
immediately downstream of the turbulence management section. This configuration 
avoided clogging the screens bu t injected the seeding far enough upstream  so as to 
minimize the effect a t the measurement location. The flowrate of the olive oil parti­
cles was also kept low to  avoid disturbing the boundary layer, which was confirmed 
by taking measurements with and without the seed generator being oper.ated. .
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Due to the typical experiment duration, the tunnel being an open circuit type, 
and the need to contain the seeding particles within the lab, safety was an im portant 
concern. The Office of Environmental Health and Safety (OEHS) a t UNH, evaluated 
the potential exposure as total and respirable particulates, and found them  below the 
established exposure limits (Cournoyer and Glode, 2011). As a precaution, however, 
a filtering facepiece P100 respirator was recommended by OEHS and was worn at all 
times when the room was seeded.
5.2.4 Run procedure
The LDV system da ta  rates were initially unacceptably low, and it was found 
th a t the probe volumes formed by the two green and the two blue beams were not 
overlapping. The transceiver probe was backlit, i.e., laser beams were sent to the 
probe through the receiving optics to determine focal point of the receiving lens with 
the help of a microscope objective. The transm itting beams, entering the probe, were 
then steered to cross a t this point. This greatly improved the performance of the sys­
tem and had to be repeated just once more during the whole course of the experiments.
All the experiments were performed a t the full laser power of 300 mW. The inten­
sity of the four laser beams exiting the probe were maximized before each run. This 
was achieved by adjusting the couplers to ensure th a t the beams out of the fiberlight 
were focussed a t the center of the optical fibers. The focusing helped minimize the 
transmission loss between the fiberlight and the probe. The laser beams, out of the 
probe, were sent in through the glass window and intersected in the vertical plane 
tha t passed through the spanwise center of the tunnel. Green beams were used to 
measure the x-component while the blue beams were used for the y-component. The 
near-wall measurements necessitated th a t the probe was slightly tilted by 5° to 7°, 
to avoid blocking the lower vertical beam. As the tilt angle was small, no corrections
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were made to account for it.
Hardware coincidence was imposed for improving accuracy in cross-correlation 
values and to ensure all the measurements could be utilized. The LDV counter was 
set to single measurement per burst to avoid slower particles being sampled more 
than once as they passed through the measurement volume.
Prior to taking profiles, one must establish a reference point from which the y- 
position is measured. For sandpaper and pea gravel roughness, a  carefully machined 
steel block with a thickness of 9.4742 mm was placed on the surface. The probe 
volume was brought to the top of block and traversed in small steps normal to the 
surface. The top-of-block position was determined, to  within 12-25 fxm, as the one 
resulting in the largest signal amplitude. The probe was then traversed down by 9.475 
mm to fix the zero position .1
The probe was traversed, from the wall to  the freestream, in small increments to 
capture the boundary layer profiles. The da ta  were taken multiple times to ensure 
tha t the profiles were not corrupted by any stray external conditions. Depending on 
the distance from the wall, 30 000 to 60 000 samples were taken at each measurement 
location. The bandpass filter and the downmix frequency were adjusted to ensure 
tha t full range of velocities is captured by the system. A histogram (or probability 
distribution function) of the acquired da ta  was inspected for data  clipping a t the tails 
and for signs of burst chatter in the form of a bimodal distribution (double peaks). 
Typical values for the bandpass filter were 1-10 MHz and 0.3-3 MHz for the stream- 
wise and wall-normal channels respectively, with a  downmix frequency of 38.5 MHz






1 2 3 4 5
Instantaneous streamwise velocity
6
Figure 5.3: Probability distribution function of the streamwise velocity da ta  acquired 
at y' — 15.54 mm for a sandpaper experiment a t £/<» =  5.38 m /s. Thin solid lines 
represent individual runs repeated to ensure repeatability while the thick dashed line 
represents the total ensemble. The prime on the y signifies th a t it has not been 
corrected for virtual origin.
for both of them. The signal/noise ratio was set to medium and the burst threshold 
was kept a t 55 mV. The photomultiplier tube (PMT) voltages were kept between 450 
and 650 V and PM T saturation warning light was monitored whenever the voltages 
were increased or the probe was in the vicinity of the wall. Figure 5.3 shows the 
probability distribution function of the streamwise velocity data, for a randomly cho­
sen experiment and wall-normal location. The da ta  are practically indistinguishable 
from each other, which demonstrates the repeatability in making the measurements. 
The lack of tail clipping or burst chatter can also be observed in figure 5.3.
Besides the instantaneous velocities, the duration of the burst (transit/residence 
time) was also recorded. Transit time weighting
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(where, r ui and r„j are the transit times of the i-th particle passing through the 
streamwise and the wall-normal probe volumes, respectively), serves to avoid bias 
while estimating mean and fluctuating flow velocities besides providing an acceptance 
criterion through comparison with the ratio of measurement diameter to  measured ve­
locity (Bucchave et al., 1979). Figure 5.4 highlights the need of transit time weighting 
to remove bias towards higher velocities. Bucchave et al. (1979) suggests 10% turbu­
lence intensity as the lower limit over which statistical estimates m ust be weighted 
by transit time and it can be seen from figure 5.4 th a t the difference between the two 
curves drops as freestream (and hence lower turbulence intensity) is approached.
5.3 Mean Velocity Profiles
The experiments performed at UNH are summarized in table 5.1. The mean velocity 
profiles, in dimensional form, are plotted in figures 5.5, 5.6 and 5.7. For the sandpaper 
and pea gravel experiments, the profiles were measured from the average top of the 
roughness elements and hence a correction for virtual origin had to  be made. This 
was done by adding small increments to  the y-position until the mean velocity profiles 
exhibited logarithmic-like behavior. No such modification was needed for the square 
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Figure 5.4: Demonstration of the transit time weighting in determining the mean 
from an ensemble of LDV data. Dashed line corresponds to  unweighted statistics 
wile the solid line represents the mean quantities weighted by the transit time. The 
prime on the y signifies th a t it has not been corrected for virtual origin.
The square bar mean velocity profiles, although having the largest roughness, ap­
pear to have a form very close to what is observed in the smooth-wall case. Although 
no claim is made here, based on the observed shape of the profile (which is similar 
to the DNS of Lee et al. (2009)), it is speculated th a t this might be due to the mean 
momentum field “seeing” the bars as a  low-speed streak or a compressed vortex ele­
ment th a t gives rise to a hairpin vortex in a  smooth-wall boundary layer, Kline et al. 
(1967); Smith and Metzler (1983); Adrian et al. (2000).
Figure 5.8 shows the inner-normalized rough-wall mean velocity profiles. The fric­
tion velocities, uT, were determined using the full momentum technique of Mehdi and 
White (2011). The solid and the dashed lines are the smooth-wall da ta  a t Re®= 5200 
(DeGraafF and Eaton, 2000) and at Re^= 4750 (present facility, courtesy of C. Morrill- 
Winter). The vertical shift in the rough-wall profiles, A U+, is clearly indicated. In
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Table 5.1: Description of the rough-wall turbulent boundary layer d a ta  over sandpa­
per, pea gravel and square bar roughnesses, taken a t UNH.
Surface Symbol Uoo 5 5* e U T
(m /s) (cm) (cm) (cm) (m /s)
Sandpaper - ■  ' '5,38 14 12 . 2.68, 1.89 sO.229 "I
Sandpaper • 7.12 14.39 2.69 1.85 0.320
Jl. ;:0 8 7 ' 11.52 2.82 1 92 #10138811
Pea gravel ► 5.10 20.26 4.57 2.81 0.306
Pea gra\el ♦ 691 20 38 1 (. 1 2 87 0 413 |
Square bars 5.21 29.63 8.49 4.60 0.442
Squat e bars 8 90 28.34 8.75 4 57 0 /24 |
figure 5.9, the mean deficit velocity is presented under classical normalization, while 
in figures 5.10 and 5.11, it is plotted under the George and Castillo (1997), and the 
Zagarola and Smits (1998) scalings, respectively. Under the George-Castillo scaling, 
the mean deficit profiles, for a given physical roughness, are shown to collapse. When 
normalized by the Zagarola-Smits scaling, all the profiles collapsed to a  single curve. 
WoSnik (2000) used similarity analysis and the Asymptotic Invariance Principle (AIP) 
to  derive the Zagarola-Smits scaling and Castillo (2000) showed th a t it leads to just 
three velocity profiles, one each for zero pressure gradient (ZPG), adverse pressure 
gradient (APG) and favorable pressure gradient (FPG) boundary layers. Figure 5.11 
provides evidence for the scaling to account for the roughness effects as well.
5.4 Reynolds Normal Stress Profiles
The dimensional profiles of (u2) and {v2), for the three roughnesses, are plotted in 
figures 5.12, 5.13 and 5.14. Reynolds normal stresses are often plotted under an 
inner-outer normalization to check for existence of Townsend’s similarity hypothesis, 
Schultz and Flack (2007). For the data taken at UNH, the normalized streamwise 
stresses are plotted in figure 5.15(a). The fully-rough profiles over pea gravel are ob­
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served to follow the smooth-wall da ta  a t Re# =  5200 (DeGraaff and Eaton, 2000). The 
transitionally-rough profiles over sandpaper, however, unexpectedly show marginally 
higher values. The largest departures from the smooth-wall profile is observed in the 
case of two-dimensional, square bar roughness. This was expected due to the flow 
being over very large organized roughness.
The normalized wall-normal stresses are plotted in figure 5.15(b). The fully-rough 
profiles over pea gravel are again observed to be closer to the  smooth-wall profile at 
Reg =  5200. The transitionally-rough profiles over sandpaper show higher values, 
compared to the smooth-wall case, till y/6 < 0.5. The wall-normal stresses over 
square bar roughness are initially lower and then slightly increase in magnitude.
Despite some differences in magnitudes, the {u2)+ and (v2)+ stresses do not show 
a significant departure from the smooth-wall case. This is particularly true under the 
realization th a t the smooth-wall normal stress profiles af different Reynolds numbers 
do not collapse perfectly under an inner-outer normalization, e.g. see Klewicki and 
Falco (1990); DeGraaff and Eaton (2000). .
5.5 Reynolds Shear Stress Profiles
The dimensional Reynolds stress profiles, for the three roughnesses, are plotted in 
figures 5.17, 5.18 and 5.18. Figure 5.19 shows these profiles under inner-inner and 
inner-outer normalizations. As seen in figure 5.19(b), there is a distinct departure 
from the smooth-wall case. There are no discernible differences between the (uv)+ 
stress behaviors exhibited by the three- and two-dimensional roughnesses, and the 
stresses values are shown to  be higher than the smooth-wall case.
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5.6 Uncertainty Analysis
The precision uncertainty in the dimensional streamwise mean velocity measurement 
is determined to be ±0.2%  by assuming Gaussian distribution and 95% confidence 
limits. For the Reynolds normal and shear stresses, where the statistical distribution 
is not known, the bootstrap technique (Efron, 1980) is utilized. For the quantities 
(u2), (v2) and (uv), the precision uncertainties are determined to be ± 1.2%, ± 1.4% 
and ±2.5%, respectively.
The velocity bias is corrected using transit time weighting, see section 5.2.4. The 
fringe and velocity gradient bias are assumed to be small due to shifted frequencies 
and small measurement diameter. The total uncertainty is a  combination of precision 
and bias errors bu t the bias errors are not quantified here.
Assuming the uncertainty in determining the friction velocity uT to be 4%, the 
uncertainties in the inner-normalized quantities are
u + ~  4.0%
<n2)+ ~  5.8%
<u2>+ ~  5.8%









Figure 5.5: Mean velocity profiles for the rough-wall boundary layer experiments over 
a 24-grit sandpaper, (a) Wall-normal location measured from the average top of the 
roughness elements, (b) Wall-normal location adjusted for virtual origin. Symbol key 
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Figure 5.6: Mean velocity profiles for the rough-wall boundary layer experiments over 
pea gravel, (a) Wall-normal location measured from the average top of the roughness 
















Figure 5.7: Mean velocity profiles for the rough-wall boundary layer experiments over 
square bars. Symbol key is given in table 5.1.
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Figure 5.8: Inner-normalized mean velocity profiles for the rough-wall boundary layer 
experiments described table 5.1. The solid and the dashed lines are the smooth-wall 




Figure 5.9: Mean deficit velocity profiles under classical normalization for the rough- 
wall boundary layer experiments described in table 5.1. The solid line is the smooth- 







Figure 5.10: Mean deficit velocity profiles under the scaling of George and Castillo 
(1997) for the rough-wall boundary layer experiments described in table 5.1. The 
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Figure 5.11: Mean deficit velocity profiles under the scaling of Zagarola and Smits 
(1998) for the rough-wall boundary layer experiments described in table 5.1. The 
solid line is the smooth-wall data  of DeGraaff and Eaton (2000) a t Ree=  5200.
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Figure 5.12: Reynolds normal stress profiles for rough-wall boundary layer experi­
ments over sandpaper, (a) Streamwise stresses, (b) Wall-normal stresses. Symbol 






Figure 5.13: Reynolds normal stress profiles for rough-wall boundary layer experi­
ments over pea gravel, (a) Streamwise stresses, (b) Wall-normal stresses. Symbol key 
is given in table 5.1.
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Figure 5.14: Reynolds normal stress profiles for rough-wall boundary layer experi­
ments over square bars, (a) Streamwise stresses, (b) Wall-normal stresses. Symbol 
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Figure 5.15: Reynolds normal stress profiles for the rough-wall boundary layer exper­
iments in inner-outer coordinates, (a) Streamwise stresses, (b) Wall-normal stresses. 
Symbol key is given in table 5.1. The solid line is the smooth-wall d a ta  of DeGraaff 
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Figure 5.16: Reynolds normal stress profiles for rough-wall boundary layer experi­
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Figure 5.17: Reynolds normal stress profiles for rough-wall boundary layer experi­












Figure 5.18: Reynolds normal stress profiles for rough-wall boundary layer experi­
ments over square bars. Symbol key is given in table 5.1.
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Figure 5.19: Reynolds shear stress profiles for the rough-wall boundary layer exper­
iments in, (a) inner-inner coordinates, and (b) inner-outer coordinates. Symbol key 
is given in table 5.1. The solid line is the smooth-wall da ta  of DeGraaff and Eaton 
(2000) a t Re0=  5200.
89
. CHAPTER 6 
EVIDENCE OF NEW  ROUGHNESS REGIMES
The analysis of existing rough-wall data  (table 4.1), revealed some interesting pos­
sibilities pertaining to  the combined effects of roughness and Reynolds number. In
*
particular, the behaviors correlating with the scale separation between roughness and 
the peak Reynolds stress position, suggested the emergence of new roughness regimes 
with increasing scale separation. Unfortunately, there were not enough da ta  (see fig­
ure 4.10), especially corresponding to yp/ k s »  1 or yp/ k s 1. As a  result, it was 
not clear whether the sparse data  under those conditions were simply experimental 
outliers, or signalling towards the possibility of rough-wall flows being under-classified 
by the traditional scheme. As described in chapter 5, the additional experiments con­
ducted were designed to clarify this issue; to the extent possible, given the facility 
limitations.
6.1 Estimating the Peak Reynolds Stress Position
The experiments conducted a t the University of New Hampshire are summarized in 
tables 5.1 and 6 .1. One of the most difficult quantities to estimate (in table 6.1) was 
the peak position of the Reynolds shear stress, yp. For the rough-wall experiments 
over sandpaper, a corrected value of (uv)+ was first estim ated using the procedure 
outlined in section 3.2.3. These values are plotted as a solid line in figure 6.1. A 
similar procedure was carried out for the pea gravel experiments. Figure 6.2 shows 
a considerable difference in the peak positions as observed in the measured and esti­
mated Reynolds stress profiles. In subsequent analyses, these are accounted for, by
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Table 6.1: Parameters relevant to intermediate scalings, for the rough-wall turbulent 
boundary layer da ta  over sandpaper, pea gravel and square bar roughnesses, taken 
at UNH.
Surface Symbol <5+ A U+ K Vp
I Sandpaper
_ _ _ _ _
3.4 23 T33 ;
Sandpaper •  2915 5.1 39 132
Sandpaper ▲ 3529 5.6 46 im
Pea gravel ► 3969 11.0 382 120
Pea gravel ♦  3279 1 1 (> 488 138
Square bars <  8733 16.7 3944 458
Lilian I'll T 13677 17 ‘i 6451 750
using an error bar to indicate the range covered by taking either values.
No such estimation was needed for the square bar experiments as the peak position 
is well-defined and the profiles show very little scatter, see figure 5.18. In these set 
of experiments, a  second peak was also observed to occur a t the position, y + ~  104, 
see figure 5.19(a). This peak is potentially interesting from the point of view of the 
balance of forces. It is, however, not explored in the present work. Regarding the ex­
periments over square bars, it is also worth noting th a t although the ks is very large, 
the value of k  (where k  is the height of the square bar), is an order of magnitude 
smaller.
6.2 New Roughness Regimes
Figure 6.3 shows the scale separations between yp and ks for all the da ta  analyzed in 
the present study. For the experiments conducted a t UNH, the data corresponding to 
the symbols • ,  ■ , and ▲, have yp/ k s »  1, while those corresponding to  the symbols 
►, ♦ , M and ▼ have yp/ k s <c 1. These are the two conditions th a t were sparsely
represented by the da ta  analyzed in chapter 4.
The normalized yp values in figure 6.4 exhibit a  clear organization. I t is worth­
while to pause here and reflect on what the figure can convey. The Reynolds stress 
attains its peak, yp, in layer III, based on the four layer MMB structure. This position 
is a  significant length scale. Since, it is effectively centered in layer III, it quantifies 
the width of the flow domain within which the mean viscous force retains leading or­
der importance. Beyond layer III, the mean dynamics are inertially dominated. For 
smooth-wall flows, yp scales as y/5 {v /ur ) (see section 2.1.1), but for yp in rough-wall 
flows, this position depends on roughness and Reynolds number. Extending the idea 
of the smooth-wall yp scaling with the geometric mean of the inner and outer scales, 
the intermediate scale of y /  (v / u T) k?s 8 was arrived a t during the analysis described 
in chapter 4.
Figure 6.4, however, points towards additional details th a t make the rough-wall 
flows more complex. Based on the values of yp/ k s, distinct bands can be observed 
th a t are Reynolds number invariant. The da ta  about the solid (yp/ k s & 1) and the 
dotted (yp/ k s <C 1) lines, in particular, show a remarkable lack of scatter. Even the 
two-dimensional roughness (here represented by symbols -4 and T ), th a t is generally 
discernibly different from three-dimensional roughness under most d a ta  organizations, 
follow the proposed scaling. It may be argued, th a t drawing the dashed line through 
the yp/kg 2> 1 data  points is a little ambitious, but the point to  be noted here is tha t 
these data follow a different organization than the other data.
The inadequacy of prevalent schemes th a t are simply based on the values of 
and ks/5  to define rough-wall flows is thus made apparent. The scale separation be­
tween ks and yp emerged as an im portant additional param eter to characterize these
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flows.
6.3 Towards Unifying the Different Roughness Regimes
There are different possible methods to  attem pt to  find a scaling th a t transforms the 
Reynolds stress peak position to  a single value, irrespective of the roughness regimes. 
One of them, for example, might be to  explore the idea of selectively weighting the 
parameters ( v /u T), ks, and 5. The intermediate scale { / ( v ju T)k^S is based on an 
assumption of sufficiently large scale separation between inner, roughness, and outer 
scales. When the conditions ks 3> ( v /u T) and 8 »  ks are simultaneously not met, 
the point where the flow changes character to  being inertially dominated, is likely 
to be affected differently by these three length scales. The determination of such 
selective weightings would constitute finding the asymptotic limits th a t fully describe 
the combined roughness-Reynolds number problem.
In the present study, a  simpler, though empirical, approach is adopted. The ratio 
Dpjks emerged as a necessary param eter to define a  roughness regime. It, however, 
did not appear, a t least explicitly, in the proposed scaling for yp, given in figure 6.4. 
A relation between yp/  { / {v /uT) k^ 5 and yp/ k a, was established from a least-square 
linear curve fit (see figure 6.5), which was used as a “correction factor”. Figure 6.6, 
shows the final intermediate scaling for yp, and it collapses the data for all the differ­



















Figure 6.1: Measured and corrected Reynolds shear stress profiles for the rough- 
wall boundary layer experiments over sandpaper roughness. Symbol key is given in 










Figure 6.2: Measured and corrected Reynolds shear stress profiles for the rough- 
wall boundary layer experiments over pea gravel roughness. Symbol key is given in 
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Figure 6.3: Scale separation between yp and ks, for all the d a ta  analyzed in the present 
study. Symbol key is given in tables 4.1 and 5.1/6.1. The shaded region represents 
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Figure 6.4: Rough-wall y+ normalized by the intermediate scale formed by the inner- 
roughness-outer length scales. Symbol key is given in tables 4.1 and 5.1/6.1. The solid, 
dashed and dotted line represent the median of normalized yp values for yp/ k s «  1, 
yP/ k s »  1, and yp/ k s « 1.
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Figure 6.5: The yp normalization given in figure 6.4 as a function of yp/ k a. Symbol 
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Figure 6.6: Reynolds number invariant scaling for yp, valid for all roughness regimes 
determined in the present study. Symbol key is given in tables 4.1 and 5.1/6.1.
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK
Rough-wall flows occur in a  number of scientific and engineering applications. Al­
most all practical boundary layer flows, and especially those at high Reynolds num­
bers, fall in the category of transitionally- or full-rough regimes. Yet, our knowledge 
of these flows is far from complete. The inability to predict the behavior of rough-wall 
flows results in inaccuracies in estimating quantities im portant to engineering designs 
influenced by momentum, heat and mass transport.
Zero pressure gradient, and two-dimensional in the mean, rough-wall turbulent 
boundary layers were studied here as a  combined roughness-Reynolds number prob­
lem. A comparative balance of the leading order terms in the mean momentum 
equation led to a number of observations and conclusions. Some of these are contrary 
to beliefs about these kinds of flows.
7.1 Evidence of a Dominant Viscous Force
The mean velocity profile of a rough-wall turbulent boundary layer exhibits logarithmic- 
like behavior right from the top of the roughness elements, see figure 1.1. According 
to the classical theory, compared to the Reynolds shear stress, the viscous stress is 
negligible in this region. As a result, rough-wall flows are generally taken to be iner- 
tially dominated throughout the flow domain.
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The MMB, being a  time mean differential form of Newton’s second law (see sec­
tion’ 2.4), explicitly states th a t the un-integrated form of the viscous and Reynolds 
stress gradients should be compared to gain an insight into the mean dynamics. The 
ratio of the derivatives of the two stresses reveal the relative dominance of each term. 
For rough-wall flows, such a ratio, see figure 4.5, generically revealed the existence of 
a region (stress gradient balance region) where the gradients of viscous and Reynolds 
stresses were essentially equal. This constitutes direct evidence th a t there exists a 
layer above the roughness elements where the viscous force is of dom inant order.
7.2 Indication of New Roughness Regimes
Traditionally, there are two asymptotic states associated with roughness. The first 
one is when k+ becomes large. This quantity is a  measure of scale separation between 
the viscous and the roughness length scales. Based on the value of k+, the flows are 
classified as smooth, transitionally rough or fully-rough. The second asym ptotic state 
pertains to the ratio 5 /k s and is a measure of the scale separation between roughness 
and the outer scales. As S /k s becomes large, the roughness can be considered as a 
diminishingly small perturbation to the boundary layer. Physically, the vorticity field 
three-dimensionalization near the wall and the emergence of mean inertial dynamics 
becomes increasingly closer to th a t of a smooth-wall boundary layer. This relates to 
Townsend’s similarity hypothesis, and is discussed further in section 7.3.
The analyses covered in chapters 4 and 6 pointed towards the significance of the 
Reynolds stress peak position yp as an im portant length scale. This was expected as 
yp is centrally located within the region where the flow changes from being viscous 
dominated to being inertially dominated (layer III). This is the case regardless of 
the roughness condition, provided th a t the Reynolds stress has a single peak. In
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smooth-wall flows yv scales as the geometric mean of the inner and outer scales. This 
stems from the underlying length scale distribution affiliated with the invariant forms 
admitted by the mean momentum equation, (Klewicki et al., 2011). By extension, an 
intermediate length scale involving the inner, roughness and outer scales was formed, 
see figure 6.4. This normalization lead to a formation of Reynolds number invariant 
bands th a t were a function of the scale separation between ks and yv. An empirical 
correction was, hence, applied leading to an implicit surrogate for the peak position
yp =  1.59{yp/ k sf  Ally /{ v /u T k*5) (7.1)
which is valid for the data  analyzed in this study.
The analyses support the assertion, that for any given ks and <5+ combination, 
the overall scale separation influence on the relative magnitudes of the mean viscous 
and inertial forces can be effectively segregated into scale separations between v /u T 
and k3> ks and 5, and ks and yp. This constitutes a distinct departure from how 
the roughness effects are typically perceived and represented. It also suggests the 
potential appearance of new regimes as the overall scale separation is increased, i.e. 
<5+ -» oo.
7.3 MMB Interpretation of Townsend’s Similarity Hypothesis
For the range of da ta  explored in the present study, the net effect of roughness mani­
fests itself by imposing new dynamics on layer II, see figure 7.1. In physical terms, this 
causes the vorticity field in layer II to three-dimensionalize differently (typically more 
rapidly) than in the smooth-wall case. Note th a t it gives a different interpretation of 






Figure 7.1: Schematic depiction of how the roughness length is superimposed on layer 
II. Note th a t this should not be viewed as a superposition as at any given Reynolds 
number, the imposition of the roughness length(s) modifies the position of yp.
II and IV momentum by speeding the transition to an inertia dominated mean force 
balance. This, for example, is consistent with the establishment of a logarithmic-like 
mean profile closer to the wall in rough-wall flows.
The condition of 6 /k s < 40, as suggested by Jimenez (2004), can be interpreted in 
the parlance of MMB theory. The scale separation between ks and S effectively allows 
the outer flow to “see” the net effect of roughness as the three-dimensionalization 
of vorticity and still be far away to be directly affected by the flow perturbations 
caused by the roughness elements. This interpretation, for example, provides an ex­
planation as to why Townsend’s similarity hypothesis is not typically observed in 
two-dimensional roughness flows. The well-ordered roughness reduces the rate of 
vorticity field three-dimensionalization in layer II. Thus, in these flows a very large
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separation between ks and <5 is required for the signature of the organized roughness 
to be “erased” from the vorticity field.
7.4 Possible Extensions of the Present Work
The analyses of a small but representative data set, led to  the identification of dy­
namically significant length scales and the existence of new roughness regimes. The 
combined roughness-Reynolds number problem was segregated into scale separations 
between v ju T and ks, k3 and 5 and ks and yp. Additional insights regarding how these 
regimes develop and how new regime might appear, can potentially be found if these 
scale separations are further increased. The large boundary layer facility a t UNH, is 
an ideal rig for such experiments.
The surrogate for yp, see equation 7.1, is semi-empirical in nature. An asymptotic 
scaling, th a t would put replace yp/ k s by some function of is/uT, ks and /o r 5, would 
greatly help understand the dynamics.
The scale separations induced by roughness are reflected in the present mean flow. 
These are expected to  be observed in the instantaneous flow as well. A parallel study 
to this effect is actually being carried out at UNH (Ebner et al., 2011).
102
BIBLIOGRAPHY
H. Abe, Y. Matsuo, and H. Kawamura. A DNS study of reynolds-number dependence 
on pressure flu c tu a tio n s  in a turbulent channel flow. In Proceedings of the Fourth 
International Symposium on Turbulence and Shear Flow Phenomena, pages 189- 
194, Williamsburg, VA USA, 2005.
R. J. Adrian, C. D. Meinhart, and C. D. Tomkins. Vortex organization in the outer 
region of the turbulent boundary layer. Journal o f Fluid Mechanics, 422:1-54, 2000. 
doi: 10.1017/S0022112000001580.
N. Afzal. Fully developed turbulent flow in a pipe: An intermediate layer. Ingenieur- 
Archiv, 52(6):355-377, 1982. doi: 10.1007/BF00536208.
O. G. Akinlade, D. J. Bergstrom, M.F. Tachie, and L. Castillo. O uter flow scaling 
of smooth and rough wall turbulent boundary layers. Experiments in Fluids, 37: 
604-612, 2004. doi: 10.1007/s00348-004-0856-5.
J. L. Balint, J. M. Wallace, and P. Vukoslavcevic. The velocity and vorticity vector 
fields of a turbulent boundary layer. P art 2. Statistical properties. Journal o f Fluid 
Mechanics, 228:53-86, 1991. doi: 10.1017/S002211209100263X.
G. I. Barenblatt, A. J. Chorin, and V. M. Prostokishin. A note on the intermediate 
region in turbulent boundary layers. Physics of Fluids, 12(9):2360-2362, 2000. 
doi: 10.1063/1.1287613.
D. J. Bergstrom, N. A. Kotey, and M. F. Tachie. The effects of surface roughness on 
the mean velocity profile in a turbulent boundary layer. ASM E: Journal o f Fluids 
Engineering, 124:664-670, 2002. doi: 10.1115/1.1493810.
K. Bhaganagar, J. Kim, and G. Coieman. Effect of roughness on wall-bounded tu r­
bulence. Flow, Turbulence and Combustion, 72:463-492, 2004. 
doi: 10.1023/B:APPL.0000044407.34121.64.
P. Bradshaw. A note on “critical roughness height” and “transitional roughness”. 
Physics o f Fluids, 12(6):1611-1614, 2000. doi: 10.1063/1.870410.
B. Brzek, R. B. Cal, T. G. Johansson, and L. Castillo. Inner and outer scalings in 
rough surface zero pressure gradient turbulent boundary layers. Physics o f Fluids, 
19:065101, 2007. doi: 10.1063/1.2732439.
P. Bucchave, W. K. George, and J. L. Lumley. The measurement of turbulence with 
the laser-doppler anemometer. Annual Reviews of Fluid Mechanics, 11:443-503, 
1979. doi: 10.1146/annurev.fl.ll.010179.002303.
103
L. Castillo. Application of Zagarola/Smits scaling in turbulent boundary layers with 
pressure gradient. In Advances in Fluid Mechanics I I I  (Eds. M. Rohnman and 
C. A. Brebbia), pages 275-288, W IT, Boston,MA, 2000.
F. H. Clauser. Turbulent boundary layers in adverse pressure gradients. Journal of 
Aeronautical Sciences, 21(2):91-108, 1954.
C. F. Colebrook. Turbulent flow in pipes, with particular reference to the transi­
tion region between smooth and rough pipes. Journal o f the Institution of Civil 
Engineers, 11:133-156, 1939.
D. Coles. The law of the wake in the turbulent boundary layer. Journal o f Fluid 
Mechanics, 1:191-226, 1956. doi: 10.1017/S0022112056000135.
J. S. Connelly, M. P. Schultz, and K. A. Flack. Velocity-defect scaling for turbulent 
boundary layers with a range of relative roughness. Experiments in Fluids, 40(2): 
188-195, 2006. doi: 10.1007/s00348-005-0049-x.
B. K. Cournoyer and A. Glode. Private communication: Industrial Hygiene Monitor­
ing, Oil M is t/ Ozone, Kingsbury Hall, dated 8/5/2011.
H. Darcy. Recherches Expeimentales Relatives au M ouvement de VEau dans les 
Tuyaux (Experimental Research on the Movement of Water in Pipes). Mallet- 
Bachelier, Paris, 1857.
D. B. DeGraaff and J. K. Eaton. Reynolds number scaling of the flat-plate turbulent 
boundary layer. Journal o f Fluid Mechanics, 422:319-346, 2000. 
doi: 10.1017/S0022112000001713.
R. Ebner C. Morrill-Winter, and J. Klewicki. Scale-separation phenomena in rough- 
wall turbulent boundary layers. In 64th Annual Meeting of the American Physical 
Society, Division of Fluid Dynamics, Baltimore MD, 2011.
B. Efron. The Jackknife, the Bootstrap, and Other Resampling Plans. Technical 
Report 63, Division of Biostatistics, Stanford University, Stanford, CA, 1980.
P. H. C. Eilers. A perfect smoother. Analytical Chemistry, 75(14):3631-3636, 2003. 
doi: 10.1021/ac034173t.
O. G. Feii. Vane systems for very-wide-angle subsonic diffusers. ASM E: Journal of 
Basic Engineering, 86:759-764, 1964.
H. H. Fernholz and P. J. Finley. The incompressible zero pressure gradient turbulent 
boundary layer: an assessment of the data. Progress in Aerospace Sciences, 32: 
245-311, 1996. doi: 10.1016/0376-0421(95)00007-0.
H. H. Fernholz, G. Janke, M. Schober, P. M. Wagner, and D. Warnack. New de­
velopments and applications of skin-friction measuring techniques. Measurement 
Science and Technology, 7:1396-1409, 1996. doi: 10.1088/0957-0233/7/10/010.
104
P. Fife, J. C. Klewicki, P. McMurtry, and T. Wei. Multiscaling in the presence of 
indeterminacy: wall-induced turbulence. Multiscale Modeling and Simulation, 4 : 
936-959, 2005a. doi: 10.1137/040611173.
P. Fife, J. Klewicki, and T. Wei. Time averging in turbulence settings may reveal an 
infinite hierarchy of length scales. Journal o f Discrete and Continuous Dynamical 
Systems, 23(3):781-807, 2009. doi: 10.3934/dcds.2009.24.781.
P. Fife, T. Wei, J. C. Klewicki, and P. McMurtry. Stress gradient balance layers and 
scale hierarchies in wall-bounded turbulent flows. Journal o f Fluid Mechanics, 532: 
165-189, 2005b. doi: 10.1017/S0022112005003988.
K. A. Flack and M. P. Schultz. Review of hydraulic roughness scales in the fully 
rough regime. ASM E: Journal o f Fluids Engineering, 132:041203, 2010. 
doi: 10,1115/1.4001492.
K. A. Flack, M. P. Schultz, and J. S. Connelly. Exam ination of a critical roughness 
height for outer layer similarity. Physics of Fluids, 19(9):095104, 2007. 
doi: 10.1063/1.2757708.
K. A. Flack, M. P. Schultz, and T. A. Shapiro. Experimental support for Townsend’s 
Reynolds number similarity hypothesis on rough walls. Physics o f Fluids, 17(3): 
035102, 2005. doi: 10.1063/1.1843135.
K. Fukagata, K. Iwamotu, and N. Kasagi. Contribution of Reynolds stress distribution 
to  the skin friction in wall-bounded flows. Physics o f Fluids, 14(11):L73-L76, 2002. 
doi: 10.1063/1.1516779.
W. K. George and L. Castillo. Zero-pressure-gradient turbulent boundary layer. Ap­
plied Mechanics Reviews, 50(12):689-729, 1997. doi: 10.1115/1.3101858.
C. Grigson. Drag losses of new ships caused by hull finish. Journal o f Ship Research, 
36:182-196, 1992.
G. Hagen. Uber den Einfluss der Tem peratur auf die Bewegung des wassers in Rohren. 
In Math. Abh. Akad. Wiss. Berlin, pages 17-98, 1854.
F. R. Hama. Boundary-layer characteristics for smooth and rough surfaces. Trans­
actions o f Society o f Naval Architects and Marine Engineers, 62:333-358, 1954.
Z. Hauptman. Characterization of a  low-speed boundary layer wind tunnel. M aster’s 
thesis, University of New Hampshire, 2010.
Y. Hou, Vijay S. R. Somandepalli, and M. G. Mungal. A technique to  determine 
total shear stress and polymer stress profiles in drag reduced boundary layer flows. 
Experiments in Fluids, 40(4):589-600, 2006. doi: 10.1007/s00348-005-0098-l.
S. Hoyas and J. Jimenez. Scaling the velocity fluctuations in turbulent channels up 
to Rer =  2003. Physics o f Fluids, 18:011702, 2006. doi: 10.1063/1.2162185.
105
J. Jimenez. Turbulent flows over rough walls. Annual Reviews o f Fluid Mechanics, 
36:173-196, 2004. doi: 10.1146/annurev.fluid.36.050802.122103.
T. G. Johansson and L. Castillo. LDA measurements in turbulent boundary layers 
with zero pressure gradient. Turbulence and Shear Flow Phenomena, 2nd Interna­
tional Symposium, Stockholm, Sweden, 27-29 June, 2001.
J. C. Klewicki. Handbook of Experimental Fluid Mechanics (Eds. C. Tropea, 
A. L. Yarin and J. F. Foss), chapter 12.2 Measurement of wall shear stress, pages 
875-886. Springer-Verlag, Berlin, Heidelberg, 2007. ISBN 978-3-540-33582-5.
J. C. Klewicki. Reynolds number dependence, scaling and dynamics of turbulent 
boundary layers. ASM E: Journal of Fluids Engineering, 132(9):094001, 2010. 
doi: 10.1115/1.4002167.
J. Klewicki, R. Ebner, and X. Wu. Mean dynamics of transitional boundary layer 
flow. Journal o f Fluid Mechanics, 682:617-651, 2011. doi: 10.1017/jfm.2011.253.
J. C. Klewicki and R. E. Falco. On accurately measuring statistics associated with 
small scales in turbulent boundary layers using hot-wire probes. Journal of Fluid 
Mechanics, 219:119-142, 1990. doi: 10.1017/S0022112090002889.
J. Klewicki and P. Fife. On discerning dynamical structure from the once-integrated 
momentum equation. In 16th Australasian Fluid Mechanics Conference, 159-162, 
December 3-7, Queensland, Australia, 2007.
J. Klewicki, P. Fife, and T. Wei. On the logarithmic mean profile. Journal of Fluid 
Mechanics, 638:73-93, 2009. doi: 10.1017/S002211200999084X.
J. C. Klewicki, P. Fife, T. Wei, and P. McMurtry. A physical model of the turbulent 
boundary layer consonant with mean momentum balance structure. Philosophical 
Transactions o f the Royal Society A, 365:823-839, 2007. 
doi: 10.1098/rsta.2006.1944.
J. Klewicki and F. Mehdi. Modified hierarchy structure of rough-wall flows. IU TAM  
Symposium on the Physics of Wall-Bounded Turbulent Flows on Rough-Walls, IU­
TAM Bookseries, 22:135-141, 2010. doi: 10.1007/978-90-481-9631-9_19.
S'. J. Kline, W. C. Reynolds, F. A. Schraub, and P. W. Runstadler. The structure of 
turbulent boundary layers. Journal of Fluid Mechanics, 30:741-773, 1967. 
doi: 10.1017/S0022112067001740.
L. S. G. Kovasznay. The turbulent boundary layer. Annual Reviews of Fluid Mechan­
ics, 2:95-112, 1970. doi: 10.1146/annurev.fl.02.010170.000523.
P.-A. Krogstad, H. I. Andersson, O. M. Bakken, and A. Ashrafian. An experimental 
and numerical study of channel flow with rough walls. Journal of Fluid Mechanics, 
530:327-352, 2005. doi: 10.1017/S0022112005003824.
106
P-. A. Krogstad and R. A. Antonia. Surface roughness effects in turbulent boundary 
layers. Experiments in Fluids, 27(5):450~460, 1999. doi: 10.1007/s003480050370.
P.-A. Krogstad, R. A. Antonia, and L. W. B. Browne. Comparison between rough- 
and smooth-wall turbulent boundary layers. Journal o f Fluid Mechanics, 245:599- 
617, 1992. doi: 10.1017/S0022112092000594.
P. K. Kundu and I. M. Cohen. Fluid Mechanics. Elsevier Academic Press, San Diego 
California, London UK, 3rd edition, 2004. ISBN 0-12-178253-0.
G. J. Kunkel and I. Marusic. Study of the near-wall-turbulent region of the high- 
Reynolds number boundary layer using an atmospheric flow. Journal of Fluid 
Mechanics, 548:375-402, 2006. doi: 10.1017/S0022112005007780.
J. H. Lee, S-. H. Lee, K. Kim, and H. J. Sung. Structure of the turbulent boundary 
layer over a rod-roughened wall. International Journal o f Heat and Fluid Flow, 30: 
1087-1098, 2009. doi: 10.1016/j.ijheatfluidflow.2009.08.002.
P. Ligrani and R. Moffat. Structure of transitionally rough and fully rough turbulent 
boundary layers. Journal o f Fluid Mechanics, 162:69-98, 1986. 
doi: 10.1017/S0022112086001933.
R. I. Loehrke and H. M. Nagib. Control of free stream  turbulence by means of 
honeycombs: A balance between suppression and generation. ASM E: Journal of 
Fluids Engineering, 98(3):342-353, 1976. doi: 10.1115/1.3448313.
R. R. Long and T.-C. Chen. Experimental evidence for the existence of the ‘mesolayer’ 
in turbulent systems. Journal o f Fluid Mechanics, 105:19-59, 1981. 
doi: 10.1017/S0022112081003108.
I. Marusic, B. McKeon, B. J. Monkewitz, H. Nagib, A. J. Smits, and K. R. Sreeni- 
vasan. Wall-bounded turbulent flows at high Reynolds numbers: Recent advances 
and key issues. Physics of Fluids, 22:065103, 2010. doi: 10.1063/1.3453711
F. Mehdi, T. G. Johansson, C. M. W hite, and J. W. Naughton. On determining 
wall shear stress in two-dimensional plane turbulent wall jets, manuscript under 
preparation.
F. Mehdi, J. C. Klewicki, and C. M. W hite. Mean momentum balance analysis of 
rough-wall turbulent boundary layers. Physica D, 239(14): 1329-1337, 2010. 
doi: 10.1016/j.physd.2009.06.008.
F. Mehdi and C. M. W hite. Integral form of the skin friction coefficient suitable for 
experimental data. Experiments in Fluids, 50:43-51, 2011. 
doi: 10.1007/s00348-010-0893-l.
M. Metzger, A. Lyons, and P. Fife. Mean momentum balance in moderately favourable 
pressure gradient turbulent boundary layers. Journal o f Fluid Mechanics, 617:107- 
140, 2008. doi: 10.1017/S0022112008003637.
107
C. M. Millikan. A critical discussion of turbulent flows in channels and circular tubes. 
In Proceedings o f the 5th International Congress o f Applied Mechanics, pages 386- 
392, New York, NYrWiley, 1938.
L. F. Moody. Friction factors for pipe flow. Transactions o f the ASM E, 66:671-684, 
1944.
H. M. Nagib, K. A. Chauhan, and P. A. Monkewitz. Approach to an asymptotic state 
for zero pressure gradient turbulent boundary layers. Philosophical Transactions of 
the Royal Society A, 365:755-70, 2007. doi: 10.1098/rsta.2006.1948.
J. W. Naughton and M. Sheplak. Modern developments in shear-stress measurements. 
Progress in Aerospace Sciences, 38:515-570, 2002. 
doi: 10.1016/S0376-0421 (02)00031-3.
J. Nikuradse. Stromungsgesetze in rauhen Rohren. VDI-Forschungsheft, 361, 1933. 
(English translation 1950 Laws of flow in rough pipes, NACA TM 1292).
L. Ong and J. M. Wallace. Joint probability density analysis of the structure and 
dynamics of the vorticity field of a turbulent boundary layer. Journal o f Fluid 
Mechanics, 367:291-328, 1998. doi: 10.1017/S002211209800158X.
J. M. Osterlund, A. V. Johansson, H. M. Nagib, and M. H. Hites. A note on the 
overlap region in turbulent boundary layers. Physics o f Fluids, 1 2 (l):l-4 , 2000. 
doi: 10.1063/1.870250.
A. E. Perry and C. J. Abell. Asymptotic similarity of turbulence structures in smooth- 
and rough-walled pipes. Journal of Fluid Mechanics, 79(4):785-799, 1977. 
doi: 10.1017/S0022112077000457.
A. Perry and J. Li. Experimental support for the attached eddy hypothesis in zero- 
pressure gradient turbulent boundary layers. Journal o f Fluid Mechanics, 218: 
405-438, 1990. doi: 10.1017/S0022112090001057.
S. Pope. Turbulent FIqvjs. Cambridge University Press, Cambridge UK, 1st edition, 
2000. ISBN 0-52159886-9.
L. Prandtl. Uber fliissigkeitsbewegung bei sehr kleiner Reibung. In A. Krazer, editor, 
Verhandlungen des dritten internationalen Mathematiker-Kongresses in Heidelberg, 
pages 484-491, Leipzig, Germany-.Teubner (1905), 1904. (English translation 1928 
Motion of fluids with very little viscosity NACA TM 452).
' L. Prandtl. Bericht fiber die Entstehung der Turbulenz. Zeitschrift fu r  Angewandte 
Mathematik und Mechanik, 5:136-139, 1925.
P. J. A. Priyadarshana and J. C. Klewicki. Study of the motions "contributing to 
the Reynolds stress in high and low Reynolds number turbulent boundary layers. 
Physics o f Fluids, 16(12):4586-4600, 2004. doi: 10.1063/1.1809131.
108
P. J. A. Priyadarshana, J. C. Klewicki, S. Treat, and J. F. Foss. Statistical structure 
of turbulent-boundary-layer velocity-vorticity products a t high and low reynolds 
numbers. Journal o f Fluid Mechanics, 570:307-346, 2007. 
doi: 10.1017/S0022112006002771.
N. Rashidnia and R. E. Falco. Changes in the turbulent boundary layer structure
. associated with net drag reduction by outer layer manipulators. Technical report, 
Department of Mechanical Engineering, Michigan State University, 1986.
M. R. Raupach, R. A. Antonia, and S. Rajagopalan. Rough-wall turbulent boundary 
layers. Applied Mechanics Reviews, 44(l):l-25 , 1991. doi: 10.1115/1.3119492.
A. Savitzky and M. J. E. Golay. Smoothing and differentiation of da ta  by simplified 
least squares procedures. Anal. Chem., 36:1627-1639, 1964. .
P. Schlatter and R. Orlvi. Assessment of direct numerical simulation d a ta  of turbulent 
boundary layers. Journal of Fluid Mechanics, 659:116-126, 2010. 
doi: 10.1017/S0022112010003113.
H. Schlichting and K. Gersten. Boundary-Layer Theory. Springer, Berlin, Heidelberg, 
New York, 8th edition, 2000. ISBN 3-540-66270-7.
M. P. Schultz and K. A. Flack. The rough-wall turbulent boundary layer from the 
hydraulically smooth to the fully rough regime. Journal o f Fluid Mechanics, 580: 
381-405, 2007. doi: 10.1017/S0022112007005502.
M. A. Shockling, J. J. Allen, and A. J. Smits. Roughness effects in turbulent pipe flow. 
Journal o f Fluid Mechanics, 564:267-285, 2006. doi: 10.1017/S0022112006001467.
C. R. Smith and S. P. Metzler. The characteristics of low-speed streaks in the near­
wall region of a  turbulent boundary layer. Journal o f Fluid Mechanics, 129:27-54, 
1983. doi: 10.1017/S0022112083000634.
P. R. Spalart. Direct simulation of a turbulent boundary layer up to  Ree=1410. 
Journal o f Fluid Mechanics, 187:61-98, 1988. doi: 10.1017/S0022112088000345.
K. R. Sreenivasan. Frontiers in Experimental Fluid Mechanics, chapter The turbulent 
boundary layer, pages 159-209. Springer, 1989.
K. R. Sreenivasan and A. Sahay. Self-Sustaining Mechanisms of Wall Turbulence, 
chapter The persistence of viscous effects in the overlap region, and the mean veloc­
ity in turbulent pipe and channel flows, pages 253-272. Com putational Mechanics, 
Southampton, UK, 1997.
M. F. Tachie, D. J. Bergstrom, and R. Balachander. Rough wall turbulent boundary 
layers in shallow open channel flow. ASM E: Journal o f Fluids Engineering, 122(3): 
533-541, 2000. doi: 10.1115/1.128726.
109
S. Tavoularis. Measurement in Fluid Mechanics, chapter Measurement of wall shear 
stress, pages 328-341. Cambridge University Press, Cambridge, UK, 2005.
ISBN 0-521-81518-5.
C. D. Tomkins and R. J. Adrian. Spanwise structure and scale growth in turbulent 
boundary layers. Journal o f Fluid Mechanics, 490:37-74, 2003. 
doi: 10.1017/S0022112003005251.
A. A. Townsend. The Structure o f Turbulent Shear Flow. Cambridge University 
Press, Cambridge, UK, 1976. ISBN 052120710X.
R. L. Townsin and S. K. Dey. The correlation of roughness drag with surface charac­
teristics. In Proceedings of the RINA international workshop on marine roughness 
and drag, London, UK, 1990.
C. Tropea. Handbook o f Experimental Fluid Mechanics (Eds. C. Tropea, A. L. Yarin 
and J. F. Foss), chapter 5.3.2 Laser doppler technique, pages 296-309. Springer- 
Verlag, Berlin, Heidelberg, 2007. ISBN 978-3-540-33582-5.
R. J. Volino, M. P. Schultz, and K. A. Flack. Turbulence structure in a boundary 
layer with two-dimensional roughness. Journal of Fluid Mechanics, 635:75-101, 
2009. doi: 10.1017/S0022112009007617,
R. J. Volino, M. P. Schultz, and K. A. Flack. Turbulence structure in a boundary 
layer over periodic two-dimensional and three-dimensional roughness. Journal of 
Fluid Mechanics, 676:12-190, 2011. doi: 10.1017/S0022112011000383.
T. von Karman. Mechanische Ahnlichkeit und Turbulenz. Sonderdrucke aus den 
Nachrichten von der Gesellschaft der Wissenschaften zu Gottingen : Mathematisch- 
physische Klasse. Weidmannsche Buchh., 1930.
J. M. Wallace. Twenty years of experimental and direct numerical simulation access 
to the velocity gradient tensor: W hat have we learned about turbulence? Physics 
of Fluids, 21:021301, 2009. doi: 10.1063/1.3046290.
J. M. Wallace, J. L. Balint, and L. Ong. An experimental study of helicity density in 
turbulent flows. Physics o f Fluids A, 4 (9):2013-2026, 1992. doi: 10.1063/1.858371.
T. Wei, P. Fife, and J. C. Klewicki. On scaling the mean momentum balance and 
its solutions in turbulent Couette-Poiseuille flow. Journal o f Fluid Mechanics, 573: 
371-398, 2007. doi: 10.1017/S0022112006003958.
T. Wei, P. Fife, J. C. Klewicki, and P. McMurtry. Properties of the mean momentum 
balance in turbulent boundary layer, pipe and channel flows. Journal of Fluid 
Mechanics, 522:303-327, 2005a. doi: 10.1017/S0022112004001958.
T. Wei, P. McMurtry, J. C. Klewicki, and P. Fife. Meso-scaling of reynolds shear 
stress in turbulent channel and pipe flows. A IAA  Journal, 43:2350-2353, 2005b. 
doi: 10.2514/1.15617.
110
C. M. White, F. Mehdi, Y. Dubief, and M. G. Mungal. Dynamical contributions to 
the skin friction in polymer drag reduced wall-bounded flows, manuscript under 
preparation.
K. G. Winter. An outline of the techniques available for the measurement of skin 
friction in turbulent boundary layers. Progress in Aerospace Sciences, 18:1-57, 
1977,
M. Wosnik. On wall-bounded turbulent shear flows. PhD thesis, University of Buffalo, 
Buffalo, NY, 2000.
X. Wu and P. Moin. A direct numerical simulation study on the mean velocity 
characteristics in turbulent pipe flow. Journal of Fluid Mechanics, 608:81-112, 
2008. doi: 10.1017/S0022112008002085.
K. S. Yajnik. Asymptotic theory of turbulent shear flows. Journal o f Fluid Mechanics, 
42:411-427, 1970. doi: 10.1017/S0022112070001350.
M. V. Zagarola and A. J. Smits. FEDSM98-4950: A new mean velocity scaling for 
turbulent boundary layers. In Proceedings of FED SM ’98, ASM E Fluids Engineering 
Division Sum m er Meeting, June 21-25, Washington DC, 1998.
I l l
APPENDIX A
DERIVATION OF THE EXPRESSIONS TO COMPUTE  
SKIN FRICTION COEFFICIENT
A .l Derivation of Eq. (3.2)
First integration / 0y$
Integrating the i-m om entum  equation, i.e., Eq. (3.1), we get
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A .2 Derivation of Eq. (3.4)
Substituting Eq. (3.3) in Eq. (3.2), we have
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A.3 Derivation of Eq. (3.5)
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Table B .l summarizes the experimental operating conditions for the three sets of 
experiments over sandpaper, pea gravel and square bar roughnesses. The reported 
values of ambient tem perature ©, and pressure P, have been averaged over the ex­
perimental run-times. The pressure readings during the experiments over square bars 
were not recorded.
Dimensional and inner-normalized boundary layer da ta  are given in tables B.2-
B.7 for sandpaper, tables B.8-B.11 for pea gravel, and tables B.12-B.15 for square- 
bar roughnesses, respectively. The prime over y in the dimensional data  tables for 
sandpaper and pea gravel roughnesses indicates th a t no virtual origin corrections have 
been applied.






(x lO - 5 Pa)
v /u T
w
Sandpapei ■ o 38 2 i . 1.01 68.1 ]
Sandpaper • 7.12 24.0 1.00 49.4
Sandpaper ▲ 8 87 24.9 41.1
Pea gravel ► 5 10 22.5 1 00 51.1
Pea gravel ♦ 6 94 ” , 2 0 99 38.6
Square bars < r> 21 23 1 - 31 5
• Square bars ▼ 8.90 23 6 21.1 s
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Table B.2: Mean velocity and Reynolds norm al/shear stress profiles over sandpaper 
at Uoo =  5.38 m /s, and corresponding to the symbol ■  in table B .l.
Table B.3: Inner-normalized mean velocity and Reynolds norm al/shear stress profiles 
over sandpaper a t Uoo =  5.38 m /s, and corresponding to  the  symbol ■  in table B .l.
oTable B.4: Mean velocity and Reynolds norm al/shear stress profiles over sandpaper
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Table B.5: Inner-normalized mean velocity and Reynolds norm al/shear stress profiles
over sandpaper a t !/<» =  7.12 m /s, and corresponding to  the symbol •  in table B .l.
y + U+ (u2)+ (x>2) + (uv)+
| 19.83 7.283 .. 5.217 0;376
20.34
ntnTTrr—
7.360 5.154 0.401 -0.158
21.60 7.546
23.38 7.751

























































































































3570 22.461 0.123 0.080 -0.001
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Table B.6: Mean velocity and Reynolds norm al/shear stress profiles over sandpaper,
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11.187 5..044 0.693 0.199 -0. 146
I i .1 > 5 ■J.JV 0 682 0 205 -0. ] 1 1 1
16.349 5.,407 0.671 0 206 -0. 146
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24.087 5..766 0 648 0.209 -0 140
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Table B.7: Inner-normalized mean velocity and Reynolds norm al/shear stress profiles 
over sandpaper a t t/oo =  8.87 m /s, and corresponding to  the symbol A in table B .l.
Table B.8: Mean velocity and Reynolds norm al/shear stress profiles over pea gravel 
a t £/«, =  5.10 m /s, and corresponding to the symbol ► in table B .l.
Table B.9: Inner-normalized mean velocity and Reynolds norm al/shear stress profiles
over pea gravel a t Uoo =  5.10 m /s, and corresponding to the  symbol ► in table B .l.
v + U+ (u2)+ (v2) + (uv)+










| 104.4 5.478 S l i s l s 1 31111
105.9 5.471 3.887 1.300 -0.988
107 6 5 471 1311111 1 302 -67<IIi






























301.3 7.967 4.140 1.304 -1.000iss
-0.913 
























































Table B.10: Mean velocity and Reynolds norm al/shear stress profiles over pea gravel
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3.039 0.763 0.230 -0.184
0 763
3 363 733 0 220
0.717 -0 139U 218
3 673 0 703 U 219 -0 163




















































Table B .ll: Inner-normalized mean velocity and Reynolds norm al/shear stress pro­
files over pea gravel a t £/<» =  6.94 m /s, and corresponding to the symbol ♦  in ta ­
ble B .l.
Table B.12: Mean velocity and Reynolds norm al/shear stress profiles over square bars








































































135.16 3.774 0.501 0.218 -0.140
155 16 1001 0 437 0 200 -0 127
105 16 4 103 0 437 0 194 -0 121
175 16 4 201 0 417 0 186 -0 120
185 16 4 288 0 413 0 180 -0 117
195 16 4 383 0 386 0 170 -0 111
" 205.16 4.465^ 0.366 (1166 -0.109
215 16 4 573 0 343 0 152 -0 098
225.16 4.671 0.331 0 146 -0 098
233 16 1754 0 285 0 128 -0 080
213 16 4 855
' iO!o 0 121 -0 069





























Table B.13: Inner-normalized mean velocity and Reynolds norm al/shear stress pro­
files over square bars a t =  5.21 m /s, and corresponding to the symbol A  in 
table B .l.
Table B.14: Mean velocity and Reynolds norm al/shear stress profiles over square bars 


























































































8.904 0 113 -0 052
3241D8
129
Table B.15: Inner-normalized mean velocity and Reynolds norm al/shear stress pro­
files over square bars a t £/<*, =  8.90 m /s, and corresponding to the symbol Y in 
table B .l.
y + U+ (u2>+ («2)+ {uv)+
0 671 1821 i h i -0“.4 ll/j
329.2 0.959 2.160 1.577 -0.546
402 8 1 312 2 616 1 676
492 3 1 816 3.264 1.691 -0.927





















































0 .j 3 .) -0.368
■213® iil9§3 Z0J29.0!0 486
12.06813005 -0.271
0.746
12.25613955 0.593 0.337 -0.151
12129® i l l ®
12.30014904 - 0.1000.408
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